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 Glycerol kinase (GK in humans, Gyk in mice) is an enzyme that catalyzes the 

conversion of glycerol to glycerol 3-phosphate, which is an intermediate useful for both 

glycolysis and lipid synthesis. Like many other enzymes in the same metabolic pathways, 

GK is a moonlighting protein with abilities to perform many functions unrelated to its 

phosphorylative properties. Of particular interest, GK is the ATP-stimulated translocation 

promoter (ASTP) that interacts with glucocorticoid receptor (GR) by assisting the 

translocation of activated GR complex into the nucleus and promoting the transactivation 

of GR responsive genes. In this thesis, I investigated the protein-protein interactions of 

GK/GR and its contribution to the pathogenesis of isolated glycerol kinase deficiency 
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(GKD), a X-linked inborn error of metabolism due to mutations or deletions of the GK 

gene. 

 First of all, we characterized our newly developed Gyk liver-specific transgenic 

mouse strains. Transgenic strains exhibited statistically significant weight gain compared 

to wild type controls on a high fat diet. Our overall results showed that Gyk transgenic 

mice became obese and were at risk of developing type II diabetes mellitus (T2DM). This 

data is consistent with the GKD human data, showing alterations in GK expression may 

cause changes in the overall lipid and glucose metabolism in mice. 

 We sought to develop more study models to facilitate our analysis of GKD 

pathogenesis. A mathematical model of the insulin signal transduction pathway was 

engineered for predicting insulin sensitivity in the Gyk knock out mice. The model 

covered all components in the insulin signal transduction pathway and calculated glucose 

uptake results similar to an actual glucose tolerance test. The model simulations 

suggested that the knock outs had reduced glucose uptake in response to an insulin 

stimulation, therefore decreased insulin sensitivity than normal mice. 

A new gene targeting technology, called CRISPR/Cas9 recombinase system, was 

incorporated into our cell culture studies to develop a human GK knock out cell line. 

Preliminary results showed that the knock out cells no longer produced functional GK 

proteins. Using lentiviral gene transfer, several GK mutants, found in individuals with 

GKD, were made for analysis in cell culture. Initial GKD mutations analyses in cell 

culture revealed that GKD mutants had reduced mRNA levels of GR direct target genes, 

also defined as ASTP activity, which suggests that the protein-protein interaction of GK 

and GR interaction is important for the pathogenesis of iGKD.  
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We also applied the same strategy to develop site-directed GK mutants with 

variation in its LXXLL motif and demonstrated that the LXXLL motif in GK is critical 

for the interaction of GK and GR. Similar to the GKD mutants, mutations were generated 

in the LXXLL functional motif of GK in the knock out cells. While the enzymatic 

property of GK is unaffected in the LXXLL mutants, the ASTP activities were 

significantly reduced compared to normal cells. Overall, these experiments demonstrated 

GK’s moonlighting roles are just as critical to the pathogenesis of iGKD as its enzymatic 

role. 

In summary, this thesis examines the role of GK’s moonlighting functions in 

obesity, T2DM, and other phenotypes observed in individuals with GKD. We extensively 

studied the ASTP activity of GK, specifically the protein-protein interaction of GK and 

GR. It has become clear that moonlighting functions of GK is just as important as its 

enzymatic functions in regulating the lipid and carbohydrate metabolism. 
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Glycerol Kinase  

Glycerol kinase (GK in humans, Gyk in mice) is a key gene in central carbon and 

lipid metabolism. The main function of GK is to catalyze the phosphorylation of glycerol 

to yield glycerol 3-phosphate (G3P) [1]. G3P can be converted to dihydroxyacetone 

phosphate (DHAP) for glycolysis or gluconeogenesis (Fig 1.1). G3P is also a critical 

component in making triacylglycerol, or triglyceride, for fat storage. Triglyceride can be 

hydrolyzed back to glycerol and free fatty acids, which can be recycled back where the 

conversion to G3P by GK can re-occur. 

There are more than six human GK genes in the genome, which include two loci 

on the X chromosome (Xp21.3 and Xq22-q23), three loci on chromosome 4, as well as 

one on chromosome 1 [1, 2]. Two of the loci on chromosome 4 encode testis-specific GK. 

The loci on chromosomes Xq, 1, and 4 contain no introns. GK in the Xp21.3 locus 

consists of 21 exons. However, alternative splicing of the gene at this particular location 

can occur, where exon 8A and exon 18 may be spliced out [2, 3]. The different isoforms 

of GK on Xp21.3 have distinct functional properties and subcellular localization in the 

liver, where GK predominantly exists in humans and mice [4]. The predominant isoform 

lacks exon 18. 

GK is a member of the sugar heat shock 70(HSC70)/actin superfamily of 

ATPases [5, 6]. In addition to its expression in the liver, GK is also expressed in other 

tissues and organs in mammals, including adipose tissue, mammary glands, the brain, 

cardiac and skeletal muscle, and lung tissue [1]. The first crystal structure of GK was 

performed on Escherichia coli (E. coli) glycerol kinase [5]. Structural analysis was able 

to show that E. coli GK contains an actin fold made of two alpha/beta domains, flanking 
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a hinge region that becomes the ATP-binding site. It has been shown that E. coli GK can 

act as both a dimer and tetramer, however, mammalian GK can only act as a dimer [5].  

The E. coli GK gene is 48% homologous (only 48% overall identity) to human GK [7].  

 

Glycerol Kinase Deficiency 

 Glycerol kinase deficiency (GKD) is an X-linked inborn error of metabolism due 

to mutations or deletions of the GK gene on Xp21 [1] . The main features of GKD can be 

characterized biochemically, which include hyperglycerolemia and hyperglyceroluria. 

There are two forms of GKD: the complex GKD (cGKD) and the isolated GKD (iGKD) 

[1]. cGKD is a contiguous gene syndrome involving multiple loci, which includes the GK 

locus, as well as DAX1 responsible for congenital adrenal hypoplasia congenital (CAH) 

and DMD for Duchenne muscular dystrophy (DMD).  The majority of individuals with 

cGKD have also been diagnosed with AHC and DMD. Some of them only have GKD 

with AHC, with symptoms corresponding to the affected loci where the mutations are 

found. For example, a case of brothers with GKD and DMD was reported with 

progressive muscle weakness but normal adrenal function [1]. In contrast to cGKD, 

iGKD occurs when mutations or deletions are found only within the GK gene. There are 

two forms of iGKD: the symptomatic (juvenile) form and asymptomatic (adult) form. 

Interestingly,  there are no genotype and phenotype correlations in individuals with iGKD 

[1]. Family members with the same mutation in the GK gene have different phenotypes, 

in terms of severity of the disease [8, 9]. For example, an interesting case was observed 

where only one of the two nonidentical twins with the same nonsense mutation was 

symptomatic [3]. Moreover, the enzymatic activity of GK between the two subtypes of 
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iGKD are comparable, implying that there are other factors that contribute to the 

pathogenesis of iGKD. We hypothesize that many factors, including environmental, 

multifunctional aspects of the gene, and metabolic fluxes in the crosstalking pathways, 

can contribute to the severity of the disease. In this dissertation, we will emphasize on the 

multifunctional aspect, also known as moonlighting functions, of GK. 

 

Mouse Models of GK 

A number of Gyk mouse strains is available for our GK studies in the laboratory. 

One of these strains is a Gyk knockout (KO) created by Huq et al., using gene targeting 

techniques [10]. It was produced in attempt to study iGKD in humans, where mutations 

and deletions are found on the X chromosome. Heterozygous female mice were bred with 

C57BL/6J males to produce the complete KO male offspring used in our study. Although 

the heterozygous female have normal blood glycerol and glucose concentrations, the KO 

males subsequently die at a young age [10, 11]. They are born in normal numbers and 

sizes, but become growth retarded by day of life 2 and ultimately die on day of life 3-4. It 

was shown that the KO males have a >80-fold increase in plasma glycerol and a 3-fold 

increase in free fatty acids compared to the wild type littermates[10]. These mice have 

significantly lower body weight and smaller brown fat pads when compared to wild type 

mice of the same age [12]. The cause of death of these mice is unknown but it may be 

linked to extensive acidosis [13]. A microarray analysis, using brown adipose tissue in a 

Gyk KO males, found genes involved in lipid and carbohydrate metabolism, and insuiln 

signaling to be altered compared to WT [12]. 
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Since the KO males do not live into adulthood, we have developed an alternative 

transgenic mouse model overexpressing wild type Gyk cDNA without exon 18 

specifically in the livers. The transgene was inserted in chromosome 7 within the 

C57BL/6J contig, between ATP/GTP binding protein-like 1 (AGBL1) and neurotrophic 

tyrosine kinase receptor, type 3 (NTRK3) [14]. Both the heterozygous (WT/Tg) and 

homozygous (Tg/Tg) transgenic mice are confirmed viable. Initial experiments on the 

founder heterozygous transgenic mice showed a possible trend towards obesity in the 

transgenic mice, compared to WT [14]. Fascinated by this observation, a diet experiment 

was designed using these transgenic mice based on the hypothesis that overexpression of 

GK are linked to obesity and type II diabetes mellitus. Additionally, we have also begun 

the development of a conditional knockout model with GK knocked out in the targeted 

tissues. We anticipate that the conditional knockout mice will avoid the same detrimental 

complications as the complete knock outs, thereby allowing us to extensively study Gyk 

KO in specific tissues and associate with the pathogenesis of GKD.  

 

Moonlighting Functions of GK 

Kinases are known to have many functional properties outside of their regular 

enzymatic functions [15, 16]. The definition of moonlighting functions for a protein is its 

ability to perform at least two different functions. These functions can relate to very 

different functional activities and can occur within or outside of the cell.  A list of 

enzymes and transcription factors have been listed as moonlighting proteins [15]. Many 

of these enzymes are glycolytic enzymes in the central carbon metabolism, and their 

moonlighting activities are highly diverse, which includes transcriptional and 
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translational regulation. Since there is no genotype-phenotype correlation for iGKD, we 

hypothesized that some moonlighting activities of GK may be one of the important 

factors contributing to the phenotype of this disorder. Understanding these moonlighting 

activities will help us further elucidate the pathogenesis of GKD. 

One of GK’s moonlighting activities, of particular interest in our projects, is the 

role of GK as a nuclear receptor coactivator. GK was found to be an ATP-stimulated 

translocation promoter (ASTP) in the liver [17]. As an ASTP protein, it can facilitate the 

translocation of an activated GR complex to the nucleus, where GR responsive genes are 

transcribed as a result (Fig 1.2). Also, GK interacts with histones  [18] and porins on the 

outer surface of the outer mitochondrial membrane [19]. We hypothesized that the ASTP 

activity of GK is the cause of activation of many GR responsive genes, including 

transcriptional factors for immune response, metabolism and cell development.  

Obesity and type II diabetes mellitus (T2DM) are some of the complex traits 

found in individuals with GKD. Glucose tolerance tests were performed on individuals 

with GKD, showing that these individuals have impaired glucose tolerance and T2DM 

[20]. The pathogenesis for these traits are still unclear. We anticipated that understanding 

ASTP activity and other moonlighting functions will help us explain the role of GK in 

obesity and type II diabetes mellitus.  

Despite the fact that GK is a well studied enzyme in its phosphorylative properties, 

GK’s moonlighting functions are still poorly understood. In this thesis, we investigate the 

importance of the moonlighting functions, specifically the ASTP activity, and how they 

contribute to the pathogenesis of GKD. 
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Figure 1.1 Glycerol kinase metabolic pathway 
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Figure 1.2 The protein-protein interaction of glycerol kinase and the glucocorticoid 

receptor. An illustration of glucocorticoid receptor (GR)-responsive gene activation as a 

result of GR complex activation followed by GK-GR complex translocation into the 

nucleus. 
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Abstract 

Liver-specific gyk transgenic mouse strains were developed in our laboratory to 

study the alternative functions of GK and examine its role in adipogenesis and obesity. 

Male wildtype (WT/WT), heterozygous (WT/Tg) and homozygous (Tg/Tg) transgenic 

mice were placed on regular chow or high fat (HF) diet for 12 weeks and monitored for 

weight gain and percentage body fat. Fasting glucose and cholesterol levels were 

measured from plasma of each mouse to assess their risk for obesity and type II diabetes 

mellitus (T2DM). Nuclear magnetic resonance analysis revealed both wildtype and 

transgenic mice had at least two-fold increase in percentage body fat as a result of 

consuming the HF diet. WT/Tg and Tg/Tg mice on HF diet gained more weight than 

WT/WT mice (p<0.05). The elevated body weight in transgenic mice was also validated 

based on weighing of various tissues, including the mass of liver, visceral fat, perirenal 

fat and subcutaneous fat pads. Tg/Tg mice on chow diet had significantly greater mass in 

the liver tissue (25.8%), visceral fat pads (53.3%), and perirenal fat pads (40.2%) 

compared to the WT/WT mice (p<0.05), suggesting that Gyk overexpression is associated 

with abdominal obesity. Blood glucose and cholesterol tests showed that Tg/Tg mice on 

HF diet had higher triglycerides levels (16.4%), total cholesterol levels (41.3%), and 

fasting glucose levels (45.4%) relative to WT/WT, also implying high risk for obesity 

and T2DM (p<0.05). mRNA levels of fatty acid oxidation genes were lower in transgenic 

mice, suggesting that their energy expenditure rate was slowed down, which corresponds 

with more lipid accumulation in their bodies. This study demonstrates that GK is 

involved in fat deposition and adipogenesis, and its overexpression increases risk of 
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obesity and T2DM in mice. In addition, we propose that our Gyk transgenic mouse strains 

may serve as a useful model for obesity and T2DM research.  

 

Introduction 

Glycerol kinase (GK in humans, Gyk in mice) is a key enzyme in carbohydrate 

and lipid metabolism. Previous studies of GK suggested a possible link between GK and 

obesity/type II diabetes mellitus (T2DM). Gaudet et al. performed glucose tolerance tests 

on 18 individuals with glycerol kinase deficiency (GKD) and many of them met the 

criteria for either T2DM or impaired glucose tolerance [1]. In addition, a protein-protein 

interaction between GK and glucocorticoid receptor (GR) was identified by Okamoto et 

al. [2], implying that GK may have an alternative function of leading to transcriptional 

activation of GR-responsive genes. Some of the direct target genes include insulin-like 

growth factor binding protein 1(Igfbp1) and adipose differentiation related protein (Adfp) 

[3], which play important roles in the development of metabolic disorders such as obesity 

and T2DM. 

Two transgenic mouse strains (heterozygous WT/Tg and homozygous Tg/Tg) 

were generated to study the effect of GK expression on fat deposition. Since Gyk is 

predominantly expressed in liver, our transgenic mouse strains were designed to have 

enhanced Gyk expression specifically in the liver tissue. Previous GK experiments 

demonstrated that GK overexpression alters metabolic fluxes through central carbon 

metabolism [4]. Also, a mathematical tool, called Network Component Analysis (NCA) 

that is used to quantitatively predict hidden transcription factor activities, estimated that 

at least nine transcriptional factors were altered by GK overexpression [5, 6]. Unlike the 
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complete knock out mice, the transgenic mice live into adulthood, allowing for extensive 

experimental analyses. Preliminary observations of the transgenic mice showed that the 

transgenic mice became obese naturally as they grew older [7], which led to our 

hypothesis that GK overexpression is associated with increased adiposity. In this 

particular study, male wild type and transgenic mice were placed on either regular chow 

or high fat (HF) diet for 12 weeks. We monitored their weekly weight gain, their overall 

weight gain, and their selected tissue weights. Lipid metabolites in plasma were measured 

in order to evaluate their risk of developing obesity and T2DM. Quantitative real time 

PCR analysis (qRT-PCR) was performed using mouse livers and adipose tissues to 

investigate the adipogenesis and fat accumulation as a result of Gyk overexpression.  To 

complement the results from diet studies, we developed a tissue culture model was 

incorporated by using mouse embryonic fibroblasts (MEFs) from the mouse strains. 

Mature adipocytes were differentiated from the MEFs and were stained with Oil red O 

staining to determine the amount of fat storage. Triglyceride content was quantitatively 

measured in these cells.   

 

Materials and Methods 

Generation of the Mouse Strains 

Gyk transgenic strains were developed by microinjecting a 1.6kb fragment, 

corresponding to the Gyk cDNA without exon 18, into a B6D2F1/J male pronuclei. The 

transgenic mice, with Gyk overexpression specifically in liver, were created by the UCLA 

Transgenic Core. Founder mice were screened and their offspring were rederived as 

generation F0. These mice were backcrossed to the C57BL/6J line to create the inbred 
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strain. The transgene was inserted in chromosome 7 within the C57BL/6J contig, between 

the AGBL1 and NTRK3 gene. The transgenic mice were obtained by pairing of two 

heterozygous transgenic mice. Polymerase chain reaction genotyping was done on each 

mouse to confirm the presence of the transgene [7]. The WT controls used in this study 

were littermates of heterozygous transgenic mice. 

 

Animal Care 

All mice were housed on a 12 hour light/dark cycle. During diet experiment, 

WT/WT, WT/Tg, and Tg/Tg mice were maintained on either normal chow diet (Harlan-

Teklad 7013; 4.07Kcal/g, 24.7% calories from protein, 13.2% from fat, and 62.1% 

carbohydrate) or a high fat Western diet (Research Diet D12492i; 5.24Kcal/g, 20% 

calories from protein, 60% from fat, and 20 % carbohydrate) for 12 weeks. All mice in 

the study started their diet at 6 to 8 weeks of age and were sacrificed by cervical 

dislocation at the end of the 12th dietary week. Experiments were per our UCLA 

Chancellor’s Animal Research Committee approved protocol. 

 

Body Fat Composition Analysis 

At the end of the 12 week diet, prior to euthanasia, mice were measured for total 

body fat mass and lean mass by nuclear magnetic resonance (NMR) using the Bruker 

Minispec with software from Echo Medical Systems (Houston, TX) [8]. Body fat 

composition of each mouse was calculated based on fat mass relative to lean mass. 
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Plasma Lipid and Metabolic Analysis 

Blood plasma samples were collected from mice fasted overnight (at least 8 hours) 

and bled from the retro-orbital plexus under isoflurane anesthesia. Lipid metabolites 

enzymatic assays were performed by the UCLA Lipid Core. Total cholesterol, HDL 

cholesterol, free cholesterol, triglycerides, and FFA concentrations were determined in 

triplicate as previously described[9, 10]. Serum insulin levels were measured with an 

ultra-sensitive mouse insulin ELISA kit (Alpco Diagnostics). 

 

Body and Tissue Weight Determination 

Body weights of each mouse were recorded weekly. Animals were weighed at the 

end of the 12th week prior to euthanasia. Liver and adipose tissues (e.g. visceral fat, 

perirenal fat, and subcutaneous fat) were collected, weighed, and stored at -80°C).   

 

MEF Isolation and Cell Culture 

Primary MEFs were isolated from 14-day post coitus embryos of transgenic and 

WT Gyk mice. Female mice were first sacrificed by cervical dislocation before embryos 

were surgically removed. The bodies were minced finely and incubated in 0.25% trypsin 

solution in a shaking 37°C incubator for 60 minutes. The solution was centrifuged aftere 

the incubation for 3 minutes at 1000 x g. The supernatant was decanted and pellet was 

resuspended in DMEM in 10 % FBS.  Cells were mained for at least 2 passages before 

used for cell differentiation into adipocytes. 

Adipocyte differentation were performed by incubating MEFs cells with DMEM 

growth medium supplemented with PPARγ ligand, rosiglitazone. Media was removed 
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after 2 days and was replaced with DMEM containing 10% FBS with insulin and 

rosiglitazone [7]. Cells were harvested on day 6 where they were either re-plated on a 6-

well plate for Oil Red O staining, or homogenized for triglyceride determination. 

 

Oil Red O Staining 

Cells were grown to confluence on a 6 well plate and fixed with 4% 

paraformaldehyde or 10% formalin, and stained with 0.7% Oil Red O solution (Sigma, St. 

Louis, MO).  Staining was quantified by extracting the dye with isopropanol and 

measured by absorbances at 510nm [7]. Absorbances were normalized to total cell 

number in each well. 

 

Triglyceride Assay 

Cells were homogenized in buffer containing 10mM Tris-HCL, 1mM EDTA, 

10mM NaCl, and 0.5% Triton X-100. Supernatant was collected and used in an L-Type 

Triglyceride M assay (Wako Diagnostics, Richmond, VA), per manufacturer’s 

instructions. Cellular triglyceride levels were normalized to total protein content in the 

sample. 

 

RNA Isolation and cDNA Synthesis 

Total RNA was isolated from cell lines using the GeneJET RNA purification kit 

(Thermo Scientific, Pittsburgh, PA) per manufacturer’s instructions. RNA was further 

purified using Turbo DNA-free DNase treatment (Life Technologies, Grand Island, NY). 

Purified RNA was visualized on agarose gel and its concentration was quantified using a 
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NanoDrop specctrophotometer (NanoDrop Technologies, Wilmington, DE). cDNA was 

synthesized using Superscript III First-Strand systems ( Life Technologies, Grand Island, 

NY) per manufacturer’s instructions with random hexamers primers. cDNA samples 

were diluted to an optimized concentration of 1ng/uL.  

 

Quantitative Real Time PCR (qRT-PCR) 

All assays were carried out using PerfeCTa SYBR Green FastMix (Quanta 

Biosciences, Gaithersburg, MD) with QuantiTect (Qiagen, Valencia, CA) primer assays. 

Cells were treated with 100nM dexamethasone [11] for 24 hours, after which RNA was 

isolated. Genes assayed included acyl-CoA oxidase 1 (AOX1), Carnitine 

palmitoyltransferase 1  (Cpt1a), fatty acid binding protein 4 (Fabp4), PR domain 

containing 16 (Prdm16), uncoupled protein 1 (UCP1), Peroxisome  proliferator-activated 

receptor gamma (PPAR gamma), peroxisome proliferator-activated receptor gamma, 

coactivator 1 alpha (PGC1-alpha). Primer pairs for real-time PCR were designed using 

the mouse primer depot database (http://mouseprimerdepot.nci.nih.gov/).  1ng of cDNA 

was loaded into each reaction, which was detected using ABI prism 7500 Sequence 

detection system. Each sample was assayed in duplicate and each reaction was replicated 

as least once. Fold differences for each of the genes were determined using the 2( -Delta 

Delta CT) method [12]. 
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Statistical Analysis 

Power calculation analysis (PASS12 software, NCSS statistical software) was 

employed to estimate the sample size needed for each experimental group [13]. All 

values were presented as mean ± SEM. A two-tailed Student’s t test was used to calculate 

p values for all assays.  

 

Results 

Enhanced glycerol kinase expression in liver tissue leads to increased fat deposition 

To investigate the role of GK in fat deposition, male transgenic mice (both 

homozygous and heterozygous transgenics; n=10 for each group) were placed on either a 

chow or HF diet for 12 weeks. The effect of feeding HF diet to these mice was 

pronounced, demonstrated by the overall weight gain in all mice on HF diet (24.26-26.23 

g) compared to mice on chow diet (9.2-10.0 g) (Fig.2.1A and B). All mice consistently 

gained weight throughout the diet study.  

On a chow diet, the WT/Tg showed a slightly higher weight gain (49.3%) as a 

result of the 12 weeks diet, compared to WT controls (43.5%). When fed on a HF diet, 

both WT/Tg and Tg/Tg showed accelerated weight gain by increasing their body weight 

by 136.9% and 151.8%, respectively, since the start of diet. On the other hand, WT mice 

on high fat diet only gained 112% body weight due to the HF diet. The overall weight 

gain of our transgenic strains was quantified at the end of the experiment, showing that 

WT/Tg and Tg/Tg had a significantly greater weight gain relative to wild types (13% and 

2%, respectively) on chow diet and (22% and 35%, respectively) on HF diet (Fig.2.1C 

and D). 
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Increased liver and abdominal fat mass observed in the Gyk transgenic mice 

The evidence of increased overall weight in the Gyk transgenic mice was 

supported by their greater body fat percentage (Fig. 2.2A). To address where the fat was 

stored due to Gyk over expression in liver, the liver and the white fat pads (e.g. visceral, 

perirenal, subcutaneous fat tissues) were collected and weighed(Fig. 2.2B). There was 

statistical difference between the WT/Tg and Tg/Tg when we compared the liver, visceral 

fat, and subcutaneous fat. The tissue weight was normalized to the total body weight.  

Tg/Tg and WT/Tg had more fat accumulation in the abdominal region (Fig. 2.2C). The 

appearance of the liver in the transgenic mice looked more bright and fatty, suggesting 

these mice had developed hepatic steatosis and possibly other defects in fatty acid 

metabolism. To confirm whether the increased liver mass was due to fat deposition, 

triglyceride assays were performed on liver. Results confirmed that triglyceride levels of 

the transgenic mice were increased by two-fold compared to the WT controls (Fig. 2.2D). 

Adipogenic markers, including Fabp4, Prdm16, and UCP1, were overexpressed in the 

adipose tissues of the transgenic mice compared to WT/WT, on the HF diet (Fig 2.3). 

Two adipogenic genes upstream of Gyk, PPAR(gamma) and PGC1-(alpha), were not 

overexpressed in the WT/Tg, and Tg/Tg. 

Instead of expending the excess fat content into energy, the transgenic mice 

seemed to be storing them primarily in the abdominal region. To demonstrate whether 

fatty acid oxidation is affected in transgenic mice, qRT-PCR analysis was done on 

mRNA from livers for fatty acid oxidation direct target genes, including acyl-CoA 

oxidase 1 (AOX1) and Carnitine palmitoyltransferase 1  (Cpt1a). The qRT-PCR results 

showed that these genes were under-expressed in the transgenic mice compared to 
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wildtype, which was consistent for both diets (Fig. 2.4A and B). On the high fat diet, 

AOX1 expression is also down-regulated by 1.6-fold in the WT/Tg and 2.2-fold in the 

Tg/Tg. Cpt1a expression is down-regulated by 1.6-fold in the WT/Tg and 2.4-fold in the 

Tg/Tg. 

 

Quantitative Plasma Analysis Suggested Increased Risk in Type II Diabetes Mellitus 

in Gyk Transgenic Mice 

To explore the effect of Gyk overexpression on metabolites, plasma was purified 

from each mouse at the end of the diet experiment. Plasma metabolites, including 

triglyceride, cholesterol, free fatty acids, fasting glucose, and insulin, were compared 

among the study groups. Our results showed that the WT/Tg and Tg/Tg had higher lipid 

and glucose profiles on both diet, with more significant differences when they were on 

HF diet (Table 2.1). For example, both WT/Tg and Tg/Tg had evidently higher total 

cholesterol levels (43.5% and 41.3%, respectively) compared to the wild type.  They also 

had elevated fasting glucose (72.0% and 45.4%, respectively) and insulin levels (49.5% 

and 456%, respectively). These results not only demonstrated that Gyk overexpression 

led to elevated metabolites levels in plasma, it also suggested that the transgenic strains 

were more likely to develop obesity and T2DM. 

 

Cell Culture Experiments Confirmed Greater Adiposity in Transgenic Mature 

Adipocytes 

MEFs from Tg/Tg mice were isolated and differentiated into mature adipocytes. 

The cells were fixed and stained with Oil Red O dye, allowing the visualization of 
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triglycerides and other lipid content. The amount of lipid content was quantified by a 

spectrophotometer based on the intensity of the red stains. The adipocytes from Tg/Tg 

contained greater lipid content than normal cells (Fig.2.5). Triglyceride testing results of 

these adipocytes and the liver samples collected from mice in the diet study were 

consistent to other assessments, showing that the Tg/Tg had greater lipid content than 

normal mice (Fig.2.6). Overall, this diet study shows that liver specific Gyk leads to 

increased weight gain, increased fat storage and increased triglyceride and low fasting 

blood sugar, which increase their risk of developing obesity and T2DM. 

Discussion 

We studied the effect of liver specific Gyk overexpression in mouse using our 

new transgenic mouse model. Although Gyk KO mice may serve as more suitable model 

for GKD pathogenesis studies, our KO mice do not live long enough and therefore not 

suitable for long-term diet experiment. The Gyk KO mice become growth retarded by the 

day of life (dol) two and die of extensive acidosis by dol three[14]. Initial experiments on 

the heterozygous transgenic mice, using qRT-PCR, showed an approximately 1.4-fold 

increase in Gyk expression in the Tg/Tg mouse liver and 1.3 fold increase in Gyk 

expression in the WT/Tg mouse liver [7].  

The diet experiment showed that the transgenic mice became obese and were at 

risk of developing T2DM. The Gyk transgenic mice gained more weight and stored more 

fat compared to the WT controls. We observed significant differences in adipose tissue 

masses in the abdomenal region as a result of differential expression of adipogenic genes 

of liver and adipose, which suggested that the abnormal expression levels in Gyk in liver 

tissue cause changes in the overall lipid and glucose metabolism in mice. The quantitative 
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assays, including triglyceride and blood tests, also showed that the transgenic mice had 

higher cholesterol and fasting blood glucose levels, supporting our claims that they were 

at higher risk of developing obesity and T2DM. We observed in many instances that 

there were significant differences in the results between the homozygous and 

heterozygous transgenic mice, suggesting that an extra transgenic allele, or extra doses  

of Gyk, leads to significant overall differences in lipid and carbohydrate metabolism. To 

further our analysis on the association of GK and obesity and T2DM, it may be 

interesting to investigate its effect on other related tissues, such as cardiac and skeletal 

muscle tissues.  

A major cause of obesity is an energy imbalance between intake and expenditure. 

The outcome of the energy imbalance leads to accumulation of excess lipid deposits. 

Fatty acid oxidation (FAO) and energy imbalance towards obesity are closely associated. 

Short-term genetic studies that increased FAO in liver showed reduction in hepatic 

triacylglyceride levels [15] and insulin resistance in obese rodents [16, 17]. Based on 

their appearance of fatty livers and their elevated weight gain in surrounding adipose 

tissues, we expected that the Gyk transgenic mice also exhibit signs of energy imbalance. 

Since FAO is one of the main mechanisms that would explain the particular phenotypes 

observed in our mice, we studied the expression of direct target genes in FAO. Cpt1a, 

and AOX1 are the rate-limiting steps in fatty-acid β-oxidation that would provide good 

indication of energy imbalance in our transgenic mice. Quantitative RT-PCR results 

confirmed that both strains of transgenic mice have reduced FAO activity in liver. This 

data also correlates with our blood metabolite results, for example the elevated 

triglyceride and cholesterol levels of our transgenic strains on HF diet. It is a consistent 
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with the appearance of hepatic steatosis observed in the transgenic liver. Results 

suggested that FAO activity is impeded in the liver, leading to accumulation of 

metabolites. It is likely that the transgenic mice are struggled to expend the energy 

provided from high fat diet, leading to lipid accumulation in abdominal tissues and high 

risk for insulin resistance. 

In summary, our transgenic mice were characterized with a series of experiments 

following their dietary conditioning. The transgenic mice have elevated weight gain, due 

to increased fat deposition in both liver and adipose tissues, compared to control mice. 

Increased triglyceride levels and increased fasting blood glucose levels were observed in 

the transgenic mice, confirming our hypothesis that Gyk is associated with obesity and 

T2DM. 
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Figure 2.1A  Weight gain of male mice on a 12-week diet 

Weekly weight gain of male mice (n=10 for each category) on chow diet. ♦ data point 

represents wildtype (WT/WT), □ data points represent heterozygous transgenic (WT/Tg), 

and▲ data points represent homozygous transgenic (Tg/Tg). Bars represent mean ± SEM. 

* represent p<0.05 for both Tg/Tg & Tg compared to WT. # represent p<0.05 for only 

WT/Tg compared to WT. 

Author Contribution: Weekly weights were done by DLAM staff. Clark Ho (C.H,) 

received the data from them and did all the analysis and the statistics. 
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Figure 2.1B  Weight gain of male mice on a 12-week diet 

Weight gain of male mice (n=10 for each category) on high fat diet. ♦ data point 

represents wild type (WT/WT), □ data points represent heterozygous transgenic (WT/Tg), 

and▲ data points represent homozygous transgenic (Tg/Tg). Bars represent mean ± SEM. 

* represent p<0.05 for both Tg/Tg & WT/Tg vs WT. # represent p<0.05 for only Tg/Tg 

compared to WT/WT. 

Author Contribution: Weekly weights were done by DLAM staff. C.H. received the 

data from them and did all the analysis and the statistics. 
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Figure 2.1C  Weight gain of male mice on a 12-week diet 

Overall weight gain at the conclusion of the 12 week chow diet, normalized to wild type. 

Bars represent mean ± SEM. * represent p<0.05 compared to WT. # represent p<0.05 for 

Tg/Tg vs WT/Tg 

Author Contribution: Weekly weights were done by DLAM staff. C.H. received the 

data from them and did all the analysis and the statistics. 
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Figure 2.1D  Weight gain of male mice on a 12-week diet 

Overall weight gain at the conclusion of the 12 week on high fat diet, normalized to wild 

type. Bars represent mean ± SEM. * represent p<0.05 compared to WT. # represent 

p<0.05 for Tg/Tg vs WT/Tg  

Author Contribution: Weekly weights were done by DLAM staff. C.H. received the 

data from them and did all the analysis and the statistics. 
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Figure 2.2A  Body fat and tissue weight comparison 

Percent body fat as determined by Nuclear Magnetic Resonance. Chow diet on the left 

panel and high fat diet on the right panel. Bars represent mean ± SEM. * represent p<0.05 

compared to WT/WT in their respective diets. 

Author Contribution for Figure 2.2: C.H. performed NMR analysis, anesthesized the 

animals, disserted the tissues and analyzed the data. Zhiqiang Zhou helped with the NMR 

experiments while Johnathan Park (technician) and Anish Badjatiya (undergraduate 

studdent) helped with weighing and freezing tissues. 

 



 

32 

 

Figure 2.2B  Body fat and tissue weight comparison 

Tissue weight comparison between all diet groups. Chow diet on the left panel and high 

fat diet on the right panel.  ♦ data points represent liver weights, ■ data points represent 

visceral fat pad weights, and Δ data points represent perirenal fat pad weights.  

○ represent subcutaneous fat pad weights. * represent p<0.05 compared to WT/WT in 

their respective diets. # represent p<0.05 WT/Tg vs Tg/Tg. 

Author Contribution for Figure 2.2: C.H. performed NMR analysis, anesthesized the 

animals, disserted the tissues and analyzed the data. Zhiqiang Zhou helped with the NMR 

experiments while Johnathan Park (technician) and Anish Badjatiya (undergraduate 

studdent) helped with weighing and freezing tissues. 
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Figure 2.2C  Body fat and tissue weight comparison 

Visualization of the abdominal cavity of wild type ( top), heterozygous transgenic 

( middle), and homozygous transgenic (bottom) mice 

Author Contribution for Figure 2.2: C.H. performed NMR analysis, anesthesized the 

animals, disserted the tissues and analyzed the data. Zhiqiang Zhou helped with the NMR 

experiments while Johnathan Park (technician) and Anish Badjatiya (undergraduate 

studdent) helped with weighing and freezing tissues. 
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Figure 2.2D  Body fat and tissue weight comparison 

Liver triglyceride levels. * represent p<0.05 compared to WT in their respective diets. 

Author Contribution for Figure 2.2: C.H. performed NMR analysis, anesthesized the 

animals, disserted the tissues and analyzed the data. Zhiqiang Zhou helped with the NMR 

experiments while Johnathan Park (technician) and Anish Badjatiya (undergraduate 

studdent) helped with weighing and freezing tissues. 
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Figure 2.3 mRNA levels of adipogenic genes (Fabp4, PPAR(gamma), PGC-1(alpha), 

Prdm16, UCP1) in adipose tissues of diet mice on a high fat diet.  

Comparisons between wildtype (WT/WT) with heterozygous (WT/Tg) and homozygous 

(Tg/Tg) Gyk transgenic mice n=5 for each study group. Bars represent mean ± SEM. * 

represent p<0.05 compared to WT/WT. # represents p<0.05 WT/Tg vs Tg/Tg. 

Author Contribution: C.H. performed the quantitative RT-PCR experiments and the 

analysis 
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Figure 2.4 Quantitative RT-PCR analysis of fatty acid oxidation genes  

A) Fatty acid oxidation gene expressions are reduced in transgenic mouse livers on  chow 

diet. Bars represent mean ± SEM. * represent p<0.05 compared to WT/WT, # represent 

p<0.05 for Tg/Tg compared to WT/Tg 

B) Fatty acid oxidation gene expressions are also reduced in transgenic mouse livers on  

high fat diet. Bars represent mean ± SEM. * represent p<0.05 compared to WT/WT, # 

represent p<0.05 for Tg/Tg compared to WT/Tg 

Author Contribution: C.H. performed the quantitative RT-PCR experiments and the 

analysis 

 
 



 

37 

 

3.05

3.1

3.15

3.2

3.25

3.3

3.35

WT/WT Tg/Tg

Oil Red O of MEFs adiposites

A
b

s
o

rb
a
n

c
e
 (

5
4
0
n

m
) *

 

Figure 2.5 Oil red O staining of adipocytes differentiated from mouse embryonic 

fibroblast 

A) Visualization of the Oil Red O staining. Comparison of wildtype MEFs (WT/WT) and 

homozygous transgenic MEFs (Tg/Tg) 

B) Quantitation of lipid content in MEFs. Bars represent mean ± SEM. * represent 

p<0.05 compared to WT/WT. Absorbance is presented as an average of three 

measurements.    

Author Contribution: C.H. performed all staining procedures and the analysis. 

WT/WT 
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Figure 2.6 Triglyceride levels in mature adipocytes differentiated from mouse embryonic 

fibroblast  

Data represents an average of measurements from five trials. * represent p<0.05 

compared to WT.   

Author Contribution: C.H. performed the triglyceride assays and the analysis. 
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Table 1                                Lipid and glucose analysis of blood plasma 
 

 Chow High Fat 

 WT/WT WT/Tg Tg/Tg WT/WT WT/Tg Tg/Tg 

Triglyceride  50.3±8.1 47.5±5.6 39.4±4.4 38±7 52±3.8* 44.3±4.9 

Total 
Cholesterol 79.3±4.8 108.5±18.6* 87.5±2.7* 147.7±20.6 212±14.3* 208.7±15.6* 

HDL 
Cholesterol 62.4±2.5 80.3±9.3* 71.2±2.0* 119.6±17.8 155.7±12.5* 158.7±14.9* 

Unesterified 
Cholesterol 18.7±1.4 23.4±4.0* 17.6±0.6 32.8±4.0 47.8±3.1* 42.2±5.0* 

Free Fatty 
Acids 31±2.8 29.2±2.0 31.2±2.2 32.4±2.3 28.1±1.8 32.3±2.3 

Fasting 
Glucose 132.3±7.4 141.7±17.7* 157.6±10.5* 116.8±29.9 200.9±12.6* 169.8±12.3* 

Insulin 263.0±37.6 401.3±138.4* 396.2±73.5* 394.7±69.4 590.2±128.0* 2194.6±740.5 # 

 

Table 2.1  Lipid and glucose analysis of blood plasma from diet mice. 

Comparisons between wildtype (WT/WT) with heterozygous (WT/Tg) and homozygous 

(Tg/Tg) Gyk transgenic mice. (n=10 from each study group) * p<0.05 statistical 

significance compared to WT in their respective diets; # p<0.05 Tg/Tg compared to 

WT/Tg 

Author Contribution: UCLA DLAM staff Carmen Volpe performed the blood 

collection. UCLA metabolic core performed the lipid metabolic assays. C.H. analyzed the 

data results. 
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Chapter Three 

 

Mathematical Model of Insulin Signal Transduction Pathway to Predict Insulin 

Sensitivity in Glycerol Kinase Knock Out Mice 
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Supplementary Data  

 

 

Table 3.S1 Description 

 

state variables, initial conditions, and 

differential equations are defined 

 

Table 1 

Variables Designations 

x2: Concentration of unbound surface insulin receptors 

x3: Concentration of unphosphorylated once-bound surface receptors 

x4: Concentration of phosphorylated twice-bound surface receptors 

x5: Concentration of phosphorylated once-bound surface receptors 

x6: Concentration of unbound unphosphorylated intracellular receptors 

x7: Concentration of phosphorylated twice-bound intracellular receptors 

x8: Concentration of phosphorylated once-bound intracellular receptors 

x9: Concentration of unphosphorylated IRS-1 

x10: Concentration of tyrosine-phosphorylated IRS-1 

x11: Concentration of unactivated PI 3-kinase 

x12: Concentration of tyrosine-phosphorylated IRS-1/activated PI 3-kinase complex 

x13: Percentage of PI(3,4,5)P3 out of the total lipid population 

x14: Percentage of PI(4,5)P2 out of the total lipid population 

x15: Percentage of PI(3,4)P2 out of the total lipid population 

x16: Percentage of unactivated Akt 

x17: Percentage of activated Akt 

x18: Percentage of unactivated PKC- ζ 

x19: Percentage of activated PKC-� ζ 

x20: Percentage of intracellular GLUT4 

x21: Percentage of cell surface GLUT4 

x22: Concentration of Munc18c-syr-SNAP complex 

x22a: Concentration of PKC-Munc18c complex 

x23: Concentration of Syr-SNAP complex 

x24: Concentration of unphosphorylated AS 160 

x25: Concentration of phosphorylated AS160 

x26: Concentration of RabGDP 

x27: Concentration of RabGTP 
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Initial conditions are as follows: 

 x1(0) =0 

M109)0(2x 13−⋅=  

 x3(0) =0 

 x4(0) =0 

 x5(0) =0 

M101)0(6x 13−⋅=  

 x7(0) =0 

 x8(0) =0 

M101)0(9x 12−⋅=  

 x10(0)=0 

M101)0(11x 13−⋅=  

 x12(0) =0 

 x13(0) =0.31% 

 x14(0) =99.40% 

 x15(0) 0.29% 

 x16(0) =100% 

 x17(0) =0 

 x18(0) =100% 

 x19(0) =0 

 x20(0) =96% 

 x21(0) =4% 

 x22(0)=100% 

 x22a(0)=0 

 x23(0)=0 

 x24(0)=100% 

 x25(0)=0 

 x26(0)=100% 

 x27(0)=0 
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Differential equations are as follows  

(note: k are rate constants of forward reaction and km are rate constants of reverse 

reactions) 

 

 x1= insulin input 

2x4k6x4k2x1x1k5xPTP3k3x1kdt2dx mmm ⋅−⋅+⋅⋅−⋅⋅+⋅=  

3x3k3x1k2x1x1kdt3dx m ⋅−⋅−⋅⋅=  

4xp4k7xp4k4x2k5x1x2kdt4dx mm ⋅−⋅+⋅−⋅⋅=  

5xp4k8xp4k5xPTP3k5x1x2k4x2k3x3kdt5dx mmm ⋅−⋅+⋅⋅−⋅⋅−⋅+⋅=  

6x4k2x4k)8x7x(PTP6k6x5k5kdt6dx mm ⋅+⋅++⋅⋅+⋅−=  

7xPTP6k7xp4k4xp4kdt7dx m ⋅⋅−⋅−⋅=  

8xPTP6k8xp4k5xp4kdt8dx m ⋅⋅−⋅−⋅=  

9xPKCp7ka10xp7kIRp/)5x4x(9x7k10xPTP7kdt9dx mm ⋅⋅−⋅++⋅⋅−⋅⋅=  

10x)11x8kPTP7k(12x8kIRp/)5x4x(9x7kdt10dx mm ⋅⋅+⋅−⋅++⋅⋅=  

11x10x8k12x8kdt11dx m ⋅⋅−⋅=  

12x8k11x10x8kdt12dx m ⋅−⋅⋅=  

13x)SHIP10kPTEN9k(15x10k14x9kdt13dx mm ⋅⋅+⋅−⋅+⋅=  

14x9k13xPTEN9kdt14dx m ⋅−⋅⋅=  

15x10k13xSHIP10kdt15dx m ⋅−⋅⋅=  

16x11k17x11kdt16dx m ⋅−⋅=  

)16x25xa14k()24x17xa14k(17x11k16x11kdt17dx mm ⋅⋅+⋅⋅−⋅−⋅=  

18x12k19x12kdt18dx m ⋅−⋅=  

)a22x23x16k()22x19x16k(19x12k18x12kdt19dx mm ⋅⋅+⋅⋅−⋅−⋅=  

)a22x23x16k()22x19x16k(dt22dx m ⋅⋅+⋅⋅−=  

)a22x23x16k()22x19x16k(adt22dx m ⋅⋅−⋅⋅=  

)a22x23x16k()22x19x16k(dt23dx m ⋅⋅−⋅⋅=  

)a10xp7k()9xPKCp7k(adt10dx m ⋅−⋅⋅=  

)16x25xa14k()24x17xa14k(dt24dx m ⋅⋅+⋅⋅−=  

)24x27x15k()26x25x15k()16x25xa14k()24x17xa14k(dt25dx mm ⋅⋅+⋅⋅−⋅⋅−⋅⋅=  

)24x27x15k()26x25x15k(dt26dx m ⋅⋅+⋅⋅−=  

)24x27x15k()26x25x15k(dt27dx m ⋅⋅−⋅⋅=  

20x)pp13k13k(20x14k14k20xp13k21x13kdt20dx mm ⋅+−⋅−+⋅−⋅=  

20xpp13k21x13k20x)p13k13k(dt21dx m ⋅+⋅−⋅+=  
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Kinetic rate constants (k) 

 k1 = 6·107 M-1min-1 

 km1 =0.2 min-1 

 k2 = k1 

 km2 =100km1 

 k3 =2500min-1 

 km3 =k1 

 k4 =km4/9 

 km4 =0.003min-1 

 k4' =2.1E-3min-1 

 k5=10km5M·min-1 for (x6+x7+x8)>10-13 

 otherwise 60km5M·min-1 

 k6 =0.461min-1 

 k7 = 4.16min-1 

 km7 = 2.5/ 7.45·k7 

 k8= km8· (5/70.775) ·1012 

 km8 =10min-1 

 k9= (k9stimulated - k9basal) · (x12/PI3K) + k9basal 

 k9stimulated = 1.39min-1 

 km9 = (94/3.1) · k9stimulated 

 k9basal = (0.31/99.4) · km9 

 k10 = (3.1/2.9) · km10 

 km10 = 2.77min-1 

 k11 = (0.1km11) · (x13-0.31)/ (3.1-0.31) 

 km11 = 10· ln(2)min-1 

 k12 = (0.1km12) · (x13-0.31)/ (3.1-0.31) 

 km12 = 10· ln(2) min-1 

 k13 = (4/96) · km13 

 km13 = 0.167min-1 

 km14 = 0.001155min-1 

 k13p = (40/60 – 4/96) · 0.08·10-2· x27 

 k13pp = (40/60 – 4/96) · 0.07·10-2· x22a 

 Irp = 8.97E-13M 

 [SHIP] = 1.00 

 [PTEN] = 1.00 

 [PTP] =1.00 

 M105K3PI 15−⋅=  

 k14a=2.5 

 km14a=10 

 k15=0.4 

 km15=0.2 

 k16=5 

 km16=100 
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Figure 3.S1 

Simulations showing the interchangeable use of mRNA and protein activity data in the 

proposed model 

 
Supplementary Figure 1  

Simulation of key insulin signaling gene PTEN expression in diabetic mice. Protein and 

mRNA data are recorded from Fig. 4Bc of Yu et al. [34] 
A. GLUT4 translocation time response curves, db/db mouse (dashed and dotted lines) vs WT mouse (solid 

line), with a single insulin dose input of 0.1nM and run time of 60 min. (p<0.05). Dotted line represents 

response curve generated using protein activity data of Yu et al. Dashed lines represents response curve 

generated using mRNA data of Yu et al. 

B. Glucose uptake level time response curves, db/db mouse (dashed and dotted lines) vs WT mouse (solid 

line), with a single insulin dose input of 0.1nM and run time of 60 min. (p<0.05). Dotted line represents 

response curve generated using protein activity data of Yu et al. Dashed lines represents response curve 

generated using mRNA data of Yu et al. 

Author Contribution: C.H. performed the simulations and the analysis. 
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Chapter 4 

 

The Study of Glycerol Kinase Deficiency Mutations in Glycerol Kinase Knock Out Cells  
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Abstract 

A new glycerol kinase knockout model was developed in the cell culture. Using 

CRISPR/Cas9 recombinase technology, we eliminated GK gene expression in human 

kidney cells. Preliminary data confirmed that over seventy thousand base pairs were 

truncated from genome of the kidney cells, resulting in the establishment of the GK 

knock out cell line. Gene transfer using lentiviruses was applied to the cell line to develop 

mutant cells carrying different mutations found in GKD patients.  Results show 

enzymatic activities are reduced in cells with mutations causing GKD, which is 

consistent with a previous study performed on fibroblasts from the patients with same 

GKD mutations. Quantitative real-time PCR analysis showed that glucocorticoid receptor 

responsive genes were differentially expressed in the cells carrying GKD mutations, 

suggesting that GK’s moonlighting activities are critical for the pathogenesis of GKD. In 

conclusion, we developed a new cell culture design using GK knock out cell line 

complemented with lentiviruses and studied GKD mutations in cells. Our future goals 

include further studying GKD mutations using the knock out cells, evaluating the 

functions of the mutant cells, and comparing with phenotypes observed in individuals 

carrying the same mutations. 

 

Introduction 

Glycerol kinase (GK in human, Gyk in mouse) functions in many tissues such as 

the skeletal muscles and brain, but it is predominantly expressed in liver and kidney [1]. 

We aimed to develop more cell culture and mouse models to facilitate the study of GK’s 
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moonlighting functions. Several bioengineering techniques were incorporated into our 

laboratory practices to inactivate genes in cell culture.  

In terms of cell culture technologies, genetic engineering has been developed with 

custom-designed nucleases. Zinc-finger nucleases (ZFNs) and transcription activator-like 

effector nucleases (TALEN) are common proteins that recognize DNA genomic sequence 

[2,3]. By customizing DNA-binding domain of these proteins, it is possible to target any 

sequence in the genome of a cell. The target sequence is cleaved by the nucleases, 

introducing a double strand DNA break. When cell repairs the DNA damage, there is a 

high chance that mutations (e.g. frameshift mutations) are generated to render the protein 

nonfunctional. In recent years, CRISPR/CAS9 system has emerged to be an efficient 

alternative to ZFNs and TALENs for targeted genetic alterations. CRISPR, which is short 

for clustered regularly interspaced short palindromic repeats,  is originated from 

prokaryotic organisms, specifically functions in the immune response system of 

Streptococcus pyogenes [4, 5]. This is a microbial nuclease that acts as a self defense 

system against invading phages and plasmids.  The nuclease generates a guide RNA that 

targets the foreign invader. Cas9, a recombinase protein, recognizes the guide RNA and 

cleaves of the foreign DNA. For CRISPR/Cas9 systems, a short noncoding guide RNA, 

called clustered regularly interspaced short palindromic repeat (CRISPR) RNAs or 

sgRNA, is made to direct Cas9 protein to sequence-specifically cleave target DNA 

sequence [6]. CRISPR/CAS9 technology is incorporated into our designs to generate a 

GK knock out cell line.  

Our goal for developing new GK study models was to study the alternative roles 

of GK, for which the current GK study models may not achieve. To test our knockout cell 
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line, we employed a site-directed mutagenesis approach, which allows for generation of 

different DNA variants of GK (e.g. cells with GKD mutations) and study the functions of 

these variants in cells. 

 

Materials and Methods 

HEK293T Cell Culture 

HEK-293T were grown at 37 °C in a humidified atmosphere containing 5% CO2 in 

Dulbecco’s modified Eagle’s medium (DMEM), containing 10% Fetal Bovine Serum 

(FBS) and 1% Penicillin-Streptomycin Solution (PS) [6]. Prior to stable transfection on 

day 0, cells were seeded at one hundred thousand cells in a 12-well plate. For lentiviral 

transfection, cells are seeded at five million cells in a 10cm plate. Transfection can be 

performed above 75% confluency.  

 

Construction of the Human GK Knockout Cell Line 

The knockout cell line is generated using the type II CRISPR nuclease system developed 

by Cong et al. [7]. There are many Cas9 targets sites in human GK, but two Cas9 target 

sites located in exon 1 & exon 17 are chosen to maximize truncation extents. A pX330-

GK expression vector was constructed by ligating the cDNA encoding one of the target 

sequences between the two BbsI sites of the pX330 vector. Consequently, two expression 

vectors were made to allow for two Cas9 cleaving events in exon 1 and exon 17 of GK. 

The expression vectors (pX330-GKex1 and pX330GKex17) (1ug of each vector) are co-

transfected with 100ng of puromycin into the HEK-293T cells using Lipofectamine 200 

transfection reagent as per the manufacturer’s protocol (Life Technologies, Grand Island, 
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NY). Screening of transfected cells were performed by dilution screening technique of 

single cell clone assisted by incubating cells in puromycin at working concentration of 

5ug/ml [8]. PCR and Sanger sequencing were performed to verify the cleaving/ repair 

sites for each clone. Sequencing data was analyzed using Sequencher DNA sequence 

analysis software (Gene Codes Corp, Ann Arbor, MI). 

 

Generation of the GKD Mutants 

The pRRL.CMV.IRES.GFP lentiviral expression vector was used as the backbone for 

infection of mutant GK constructs into the GK KO cells. The pRRL-GK lentiviral 

expression vector was constructed by ligating the cDNA encoding hGK into the BamHI 

and XmaI sites of the lentiviral vector. Mutant constructs are created using site directed 

mutagenesis using pRRL-GK as the starting product (Stratagene, Santa Clara, CA). The 

mutants had the same mutations as individuals with GKD reported in Dipple et al.[9]. We 

have chosen to study the mutation (N288D [altering the asparagine at codon 288 to 

aspartic acid], A305V[Alanine to Valine at codon 305], Q438R[Glutamine to Arginine at 

codon 438, and Q403X[Glutamine to Stop at codon 403]).  Lentiviruses, with the ability 

to introduce GKD mutations to cells,  were made co-transfecting GK constructs with 2 

packaging plasmids (pMDLg/pRRE and pRSV-Rev) and one envelope plasmid 

(pMD2.G). These three plasmids, along with our pRRL-GK constructs, termed the 3rd 

generation lentiviral packaging systems, were co-transfected into HEK-293T human 

kidney cells to generate lentiviruses. Viral supernatant were harvested 72 hr after 

transfection. Transfection efficiency was assessed quantitatively using QuickTiter 

Lentivirus Titer Kit (Cell Biolabs, inc., San Diego, CA) per manufacturer’s instructions 
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and visually by GFP expression using a fluorescent microscope. Lentiviruses were either 

used for infection directly following harvest or stored in -80°c. 

 

Lentiviral Transfection of GK Mutants 

hGK knock out cells were seeded in 6 well plates and were infected at 50% confluence 

using Multiplicity of infection (MOI) of 10 for each well. Virus supernatants were 

applied to cells in Dulbecco’s modified Eagle’s medium DMEM containing 10% FBS 

and 10ug/ml polybrene in a final volume of 1ml. Cells were incubated with viral 

supernatant overnight and virus-containing media was replaced with DMEM containing 

10% FBS on the following day. Flow cytometry was used at initial testings to access the 

efficiency of infection. Cells were grown to confluence before harvesting for experiments. 

 

RNA Isolation and cDNA Synthesis 

Total RNA was isolated from cell lines using the GeneJET RNA purification kit (Thermo 

Scientific, Pittsburgh, PA) per manufacturer’s instructions. RNA was further purified 

using Turbo DNA-free DNase treatment (Life Technologies, Grand Island, NY). Purified 

RNA was visualized on agarose gel and its concentration was quantified using a 

NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE). cDNA was 

synthesized using Superscript III First-Strand systems ( Life Technologies, Grand Island, 

NY) per manufacturer’s instructions with random hexamers as primers. cDNA samples 

were diluted to an optimized concentration of 1ng/uL.  
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Western Blotting 

Cells were collected by scraping in 1% KCl/EDTA buffer supplemented with protease 

inhibitor. Proteins were extracted from cells by sonication. And protein concentration 

was determined by BCA assay [10]. 100ug of protein were separated on a 4-12% Bis-Tris 

NuPage gel (Life Technologies, Grand Island, NY) and electroblotted onto a 

polyvinylidene difluoride (PVDF) membranes at 100 volts for an hour. The membranes 

were blocked in 0.01M PBS, 0.05% Tween 20 buffer (PBST) containing 10% blotto 

overnight at 4 °C.  Primary antibodies, including anti-GK (ab70029, Abcam, Cambridge, 

MA) and anti-GR (sc-8992, Santa Cruz Biotechnology, Dallas, Texas) were incubated 

overnight at 4°C at a concentration 1:1000 dilution, followed by secondary antibodies for 

1 hour at room temperature. Immunoreactive bands were visualized by ECL plus kit 

(Amersham Biosciences, Piscataway, NJ), per manufacturer’s protocol. All membranes 

were subjected to stripping using 1M NaOH for 10 min at room temperature, reblocked, 

and reprobed for B-actin (Life Technologies, Grand Island, NY) at a concentration of 

1:3000 overnight at 4°C, and secondary antibody, goat anti-rabbit HRP, at a concentration 

of 1:5000 for 1 hour at room temperature and developed using Amersham ECL Plus 

Westeren Blotting Detection Kit (GE Healthcare Bio-Sciences, Pittsburgh, PA). 

 

Quantitative Real Time PCR (qRT-PCR) 

All assays were carried out using PerfeCTa SYBR Green FastMix (Quanta Biosciences, 

Gaithersburg, MD) with QuantiTect (Qiagen, Valencia, CA) primer assays. Cells were 

treated with 100nM dexamethasone for 24 hours, after which RNA was isolated. Genes 

assayed included glucocorticoid receptor (GR) responsive genes [tyrosine 
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aminotransferase (TAT), and phosphoenolpyruvate carboxykinase (PEPCK)], adipogenic 

genes (fatty acid binding protein 4 (FABP4/aP2) and CCAAT enhancer-binding protein 

(C/EBPα), non-GR responsive gene Cadherin-15 (CDH15), and lastly endogenous 

control beta-actin (ACTB). Primer pairs for real-time PCR were designed using the 

human primer depot database (http://primerdepot.nci.nih.gov/). 1ng of cDNA was loaded 

into each reaction, which was detected using ABI prism 7500 Sequence detection system. 

Each sample was assayed in duplicate and each reaction was replicated as least once. 

Fold changes for each of the genes were determined using the 2( -Delta Delta CT) method [11]. 

 

GK Enzymatic Assay. 

A radiochemical assay described previously [12] was used to determine the GK 

enzymatic activity. Each mutant was assayed in duplicate with 4ug of total cellular 

protein (for HEK-293T cells) for 20 minutes. For each assay, the scintillation count was 

plotted against the amount of protein, and the counts per minute (CPM) was proportional 

to relative GK enzymatic activity. 

  

Results 

Generation of the GK Knock Out Cell Line using CRISPR/CAS9 Technology 

CRISPR/ Cas9 nuclease system was introduced to HEK-293T human kidney cells 

to generate a knock out cell line. Amino acids coding exons 1-17 of GK have been 

eliminated from the genomic DNA of the HEK-293T cells, resulting in the creation of a 

hGK KO liver cell line. The truncation sites for each individual clone were verified using 

Sanger sequencing. The cut sites were consistently located at the intended target site. 
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However, the repair sites for each clone varied among clones. The basis of using the 

CRISPR technology in a mammalian system was to take advantage of mammalian cells 

that were capable of repairing DNA break and removing a small snip of DNA. The self 

repair system in mammalian cells allowed the cells to recover, but ultimately rendered the 

gene nonfunctional. For one particular clone (Fig. 4.1), a cut was made after the 10th 

codon of the gene, between the first and second codon position of  Proline 11. A 

frameshift was observed on the 12th codon, in which the next codon after Proline turned 

out to be Serine 510 of GK. The estimated amount of truncated genomic DNA material 

for this particular clone was seventy thousand base pairs. Western blot analysis of the KO 

cells using an anti-GK antibody showed no signals (lane 6 in Fig. 4.2A and Fig. 4.2B), 

indicating that no fully translated GK proteins was made and the KO was successful. We 

infected these KO cells with lentiviruses containing GKD mutations seen in human GKD 

patients (lane 2-5 in Fig. 4.2). Using lentiviruses that can infect cells with normal GK 

proteins, the production of rescue hGK proteins was rescued in KO cells (lane 1 in Fig. 

4.2).  

The GKD mutant variants were characterized based on enzymatic activity and 

ASTP activity levels. GK enzymatic assay was used  to characterize the enzymatic 

activity of GKD mutants (e.g. N288D, A305V, Q403X, Q438R) generated from KO cells. 

As done previously by our group [9], however the cell types used in that particular 

experiment were lymphocytes collected from actual GKD patients. Dipple et al. reported 

that individuals with the N288D mutation had 5.53% of GK activity compared to normal 

individuals [9]. This analysis also yielded similar results to the data published by Dipple 

et al., showing that N288D mutants had 4.32% of GK activity of the wild type (Table 1). 
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Other mutants showed reduced enzymatic activity as well. GKD mutants A305V, Q403X, 

and Q438R had reduced GK enzymatic activity of 7.34%, 6.04%, and 5.44% , 

respectively. These results were comparable to those reported in Dipple et al., which 

provide supporting evidence that this combination of the knockout and the lentivirus 

designs can be used to study GKD mutations.  

To assess the ASTP activity of these GKD mutants, quantitative real time PCR 

analysis of GR responsive genes (e.g. TAT and PEPCK) were assayed. Cells were 

incubated in media with or without dexamethasone (DEX) prior to harvest. The change in 

mRNA levels of GR responsive genes TAT and PEPCK in response to DEX activation 

was our means of determining ASTP activity. qRT-PCR analysis showed that HEK293T 

cells normally had 1.6 fold increase TAT expression in response to DEX activation (Fig. 

4.3A). However, GK knockout cells completely lost the effect of TAT upregulation in 

response to DEX activation, confirming that GK knock outs lacked ASTP activity (Fig. 

4.3A). When the GK knockout cells were infected with hGK-infecting lentiviruses, the 

TAT expression pattern was rescued (Fig. 4.3A). These results also supported that our cell 

culture design can be used to characterize GKD variants. In the same analysis, rescue had 

1.6-fold increase TAT expression in response to DEX activation. On the other hand, TAT 

is upregulated in KO cells by only 1.1-fold in response to DEX activation, suggesting that 

there is a reduction in TAT activity in KO cells (Fig. 4.3B and Table 4.1). Similar to KO, 

TAT is only upregulated in A305V and N288D by 1.1 fold and 1.3-fold, respectively, in 

responsive to DEX. Q403X and Q438R both had an increased TAT expression of 1.0-fold 

in response to DEX (Fig. 4.3B and Table 4.1). These results suggested that GKD mutants 

have reduced ASTP activity due to the GKD mutations. To verify the finding, another 
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GR-responsive gene PEPCK was used to test ASTP activity of these mutants. Rescue had 

1.8-fold upregulation in response to DEX (Fig. 4.3C and Table 4.1). Both A305V and 

N288D both had  a 1.2-fold upregulation of PEPCK in response to DEX, significantly 

less than the response of the rescue. Similarly, Q438R had 1.4-fold upregulation and 

Q403X only had residual amount of ASTP. This test demonstrated that the GKD mutants 

have significant reduced ASTP compare to the rescue. 

To investigate the downstream effects upon glucocorticoid receptor activation, 

qRT-PCR analysis was performed using a set of genes that are direct functional targets of 

GR in hepatocytes. The chosen set of genes are particularly important for metabolic 

functions, including adipose differentiation, insulin signaling and mitochondrial activity. 

We first examined the change of mRNA level in response to GR activation within each 

mutants, then compared the fold differences to that of the wild type rescue. Insulin-like 

growth factor binding proteins (Igfbp1) is normally upregulated by 1.4-fold in response to 

GR activation, but the upregulation is significantly reduced to 1.2 to 1.3-fold in the GKD 

mutants (Fig.4.4A and Table 4.1); lipase (Lipc) is normally upregulated by 2.0-fold in 

response to GR activation, but the upregulation is also significantly reduced to 1.5 to 1.6-

fold in the GKD mutants (Fig.4.4C and Table 4.1). In contrast, adipose differentiation 

related protein (Adfp) is normally upregulated by 1.6-fold, but we observed high gene 

regulation of up to 1.8 to 2.1-fold in the GKD mutants (Fig. 4.4B and Table 4.1). Our 

results demonstrate that many GR direct gene targets are differentially regulated in 

response to GR activation as a result of GK mutations.  
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Discussion 

The recombinase technology, specifically CRISPR/Cas9, provided an efficient 

knock out model that would be easy to use in the cell culture setting. In short, 

CRISPR/Cas9 target sequence starts with a guanine then 20 random nucleotides ,and 

ends with 2 guanine. This target sequence is called the  PAM domain. Recently, Zhang 

lab from MIT implemented this recombinase system to be useful in mammalian cells, by 

showing that the efficiency of site specific DNA cleavage using CRISPR/CAS9 is much 

higher than existing technology, TALEN and Zinc finger nucleases [13]. They 

engineered a plasmid that expresses both human CAS9 and the noncoding RNA with 

cloning site so that we can design a target site, allowing for DNA cleavage of our favorite 

gene. When the DNA breaks are created in the mammalian cells, the cells will repair the 

damage and create a frameshift mutation in the gene if one target site is incorporated. In 

addition, a large truncation in the gene can be generated if two target sites are used 

instead of one. In the proposed design, two target sites located in exon 1 and 17 of GK 

were designed into the expression plasmid in order to cleave out a total of seventy 

thousand base pairs of genomic material in the human cells. 

CRISPR/CAS9 system coupled with the use of lentiviruses enable gene 

manipulated in human cells, whether one wants to knock out or rescue the expression, 

showed promising results shown in this study. Both enzymatic activity and ASTP activity 

were affected by the mutations causing GKD. Enzymatic activity of all GKD mutants is 

minimal, and the data is comparable and is consistent with the human studies [14]. The 

ASTP analysis showed that GKD individuals have either reduced or even lack of ASTP 

activity. Based on the qRT-PCR analysis, Q403X nonsense mutation completely lacked 
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ASTP because GR responsive genes, TAT and PEPCK,  in the Q403X mutant cells did 

not respond to the GR activation. The change in amino acids, causing GKD, may have 

caused a conformational change of the glycerol kinase protein and hindering its 

interaction with GR.  

Since we observed reduced ASTP activity in GKD mutants, all downstream genes 

in response to glucocorticoid receptor activation should be affected. We sought to use 

qRT-PCR to determine which downstream mechanisms are affected by GK-GR 

interactions. qRT-PCR data showed that only some genes were affected by the GK 

mediated GR transcriptional activation. adipose differentiation gene (ADFP) and insulin 

signal transduction gene (IGFBP1)were differentially regulated in the mutants due to 

GK-mediated GR transcriptional activation. For example, the data suggested that lower 

regulation of insulin signaling gene IGFBP1 due to GKD mutations affecting ASTP 

activity. ADFP was significantly upregulated due to GKD mutations affecting ASTP 

activity. The changes in gene regulation due to GKD mutations observed in this study 

correlates with other studies. In the mathematical modeling study reported in the previous 

chapter, the simulations of our model predicted that GK knockout mice have reduced 

insulin signal transduction activity. In the diet study of the transgenic animals, we also 

demonstrated that the transgenic mice become obese with elevated levels of cholesterol 

and fasting insulin. The results reported using the proposed strategy have been consistent 

with previous studies. Future experiments will be to use next generation sequencing to 

determine all genes and pathways affected in each individual GKD mutations. 

CRISPR/Cas9 for genome engineering is evolving quickly towards in vivo studies. 

It has been shown that mutant mice can be generated in vivo by injecting Cas9 RNA and 
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guide RNA (sgRNA) into mouse ES cells [7, 15, 16]. Also, simultaneous targeting of 

multiplexed genes can be achieved by cotransfecting multiple sgRNAs with the Cas9 

expressing plasmid [7]. By incorporating a tissue specific promoter that drives Cas9 

expression in the Cas9-expressing adenoviral plasmid, one can inject vectors directly to 

any tissue of interests [16]. This allows for in vivo studies of gene function in specific 

tissue. Future goal is to generate a conditional knock out mouse model using one of these 

new CRISPR designs. As we continue to reveal the association between GK and 

obesity/T2DM, it may be interesting to knock out the gene expression in other tissues 

such as liver, skeletal muscle, and heart.  
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Figure 4.1 Sequence data of a glycerol kinase knock out clone  

Sequencing chromatogram was captured using Sequencher sequence analysis software. 

The five nucleotides (e.g. GGGCT) highlighted in black showed the joint location of 

exon 1 and exon 17. 

Author Contribution: Sequencing reactions were performed by Laragen sequencing 

services. C.H. performed CRISPR work and analyzed the sequencing data. 
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Figure 4.2A Western blot analysis of the GKD mutants in HEK293T GK knockout 

cells.  

Western blot analysis of wild type rescue (lane 1), GKD mutants (A305V, N288D, 

Q438R, and Q403X) (lane 2-5) and GK knockout cells(GKKO) (lane 6). GKD mutant 

cells and WT rescue cells were made by infecting GK KO with lentiviruses. E. coli GK is 

used as a positive control (lane 7) and PBS was used as a blank control (lane 8). Blot was 

probed with anti-βactin as internal control. 

 

Figure 4.2B Western blot analysis of HEK293T parental cells 

GK knock out cells (GK KO) were derived from HEK293T parental cells 

Author Contribution: C.H. performed the tissue culture experiments, isolated protein 

extracts, and performed the Western blot. 
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Figure 4.3A Quantification of ASTP activity, TAT, expression by quantitative real time 

PCR in knock out cells. Data shows gene expression levels for GK knockout cell line 

(KO), rescued GK (Rescue), or 293T parental cell line with (w/dex) or without 

dexamethasone. #p<0.05 compared to WT. 

Author Contribution: C.H. performed all quantitative RT-PCR experiments. 
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Figure 4.3B Quantification of ASTP activity, TAT, expression by quantitative real time 

PCR. Gene expression levels for GKD mutants (A305V, N288D, Q403X, and Q438R) ) 

and GK knockout cell line (KO) compared to rescue with wildtype GK (Rescue) with 

(w/dex) or without dexamethasone. (#) p<0.05 Rescue vs Rescue w/dex. (*) p<0.05 

mutant samples with dexamethasone compared to same mutant. (+) p<0.05 samples w/o 

dexamethasone compared to rescue 

Author Contribution: C.H. performed all quantitative RT-PCR experiments. 
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Figure 4.3C Quantification of ASTP activity, PEPCK, expression by quantitative real 

time PCR. Gene expression levels for GKD mutants (A305V, N288D, Q403X, and 

Q438R) ) and GK knockout cell line (KO) compared to the rescue with wildtype GK 

(Rescue) with (w/dex) or without dexamethasone. (#) p<0.05 Rescue vs Rescue w/dex. (*) 

p<0.05 samples with dexamethasone compared to WT w/dex. (+) p<0.05 samples w/o 

dexamethasone compared to rescue 

Author Contribution: C.H. performed all quantitative RT-PCR experiments. 
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Figure 4.4A GR-responsive gene insulin growth factor binding protein 1(Igfbp1) 

expressions of GK mutants. Gene expression levels for GKD mutants (A305V, N288D, 

Q403X, and Q438R) ) and GK knockout cell line (KO) compared to the rescue with 

wildtype GK (Rescue) with (w/dex) or without dexamethasone. (#) p<0.05 WT vs 

WT.dex. (*) p<0.05 mutant samples with dexamethasone compared to same mutant. (+) 

p<0.05 samples w/o dexamethasone compared to WT 

Author Contribution: C.H. performed all quantitative RT-PCR experiments. 
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Figure 4.4B GR-responsive gene adipose differentiation-related protein (Adfp) 

expressions of GK mutants. Gene expression levels for GKD mutants (A305V, N288D, 

Q403X, and Q438R) ) and GK knockout cell line (KO) compared to the rescue with 

wildtype GK (Rescue) with (w/dex) or without dexamethasone. (#) p<0.05 WT vs 

WT.dex. (*) p<0.05 mutant samples with dexamethasone compared to same mutant. (+) 

p<0.05 samples w/o dexamethasone compared to WT 

Author Contribution: C.H. performed all quantitative RT-PCR experiments. 
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Figure 4.4C GR-responsive gene lipase (Lipc) expressions in response to GK mutations. 

Gene expression levels of GK mutants (A305V, N288D, Q403X, and Q438R) ) and GK 

knockout cell line (KO) compared to the rescue with wildtype GK (Rescue) with (w/dex) 

or without dexamethasone. (#) p<0.05 WT vs WT.dex. (*) p<0.05 samples with 

dexamethasone compared to WT.dex. (+) p<0.05 samples w/o dexamethasone compared 

to WT 

Author Contribution: C.H. performed all quantitative RT-PCR experiments. 
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Table 4.1  Glycerol kinase enzymatic activity and ASTP activity of the GKD mutants  

Enzymatic activity levels are measured in the units of count per minute (CPM) by a 

scintillation counting instrument. GK activity values are expressed as percentage of GK 

activity in mutant cells relative to GK activity in rescue. ASTP activity is reported as the 

difference in the mRNA levels of a gene in response to dexamethasone treatment (e.g. a 

value of 1.63 means 63% increase in mRNA level in response to DEX). 

 

 

  

GK activity 

(%) 

GK activity 

published by 

Dipple et al. 

[9] (%) 

ASTP 

activity 

(TAT) 

ASTP 

(PEPCK) 

ASTP 

(IGFBP1) 

ASTP 

(ADFP) 

ASTP 

(LIPC) 

Rescue 100 100 1.63±0.02 1.81±0.02 1.41±0.01 1.58±0.01 1.97±0.01 

HEK293T 98±0.01 NA 1.6±0.02 1.79±0.02 1.40±0.03 1.61±0.02 2.01±0.02 

N288D 4.32±0.12 5.53 1.29±0.01 1.16±0.04 1.17±0.02 1.67±0.01 1.62±0.02 

A305V 7.34±0.09 5.81 1.14±0.00 1.17±0.00 1.27±0.06 2.09±0.04 1.57±0.05 

Q403X 6.04±0.00 NA 1.03±0.11 1.00±0.04 1.27±0.01 1.79±0.03 1.50±0.02 

Q438R 5.44±0.03 5.83 1.04±0.01 1.37±0.01 1.23±0.06 1.93±0.01 1.51±0.02 

KO 0.110±0.06 NA 1.03±0.01 1.13±0.01 1.26±0.00 1.76±0.01 1.43±0.01 

 

Author Contribution: C.H. performed GK enzymatic activity assay and the qRT-PCR 

for the ASTP assays. 
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Protein-Protein Interaction Between Glycerol Kinase and Glucocorticoid Receptor 
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Abstract 

Glycerol kinase (GK) is a moonlighting protein with multifunctional roles unrelated to its 

main functions. These alternative roles of GK can potentially regulate transcriptional and 

translational activities with metabolic properties. Since there is currently no satisfactory 

explanation of the pathogenesis of glycerol kinase deficiency (GKD) based on its 

enzymatic activity, we hypothesized that the moonlighting roles of GK are important 

contributors to the phenotypes observed in individuals with GKD. Of particular interest, 

we emphasized the protein-protein interaction of GK and glucocorticoid receptor (GR). 

Biochemical analysis using dot blots and immunoprecipitation/western blots confirmed 

that GK is the ATP-stimulated translocation promoter (ASTP) which translocates wR 

complex to the nucleus where it can be involved in transcriptional activation. Using a 

combined bioinformatics and mutagenesis approach, we show that the LXXLL motif of 

GK is critical for the ASTP activity of GK. Mutations were created in the LXXLL of GK 

that resulted in differential gene expression of many GR target genes, including TAT and 

PEPCK. Our data suggested that the altered expression of these GR responsive genes 

may play a significant factor in affecting the phenotype observed in individuals with 

GKD. 

 

Introduction 

Glycerol kinase (GK)  is an enzyme that catalyzes the phosphorylation of glycerol, 

a reaction important for glycolysis or gluconeogenesis in central carbon metabolism and 

the formation of triglycerides for fat storage in lipid metabolism. Aside from its 

enzymatic function, GK is a moonlighting enzyme that performs other cellular activities 
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[1].  Moonlighting enzymes are defined as proteins with at least two different functions 

within a single polypeptide chain. These functions can be unrelated to its main functions 

and can occur within or outside of the cell [2]. In fact, many glycolytic enzymes are 

known to be moonlighting enzymes that are capable of regulating transcriptional and 

translational activities of the biological systems. GK’s enzymatic functions are well 

defined, but the importance of its moonlighting functions is not well understood [2]. 

Many of GK’s moonlighting functions have been proposed from previous studies. 

GK has been shown to interact with histones, which are proteins important in DNA 

folding[3]. GK’s other protein-protein interactions include interacting with voltage-

dependent anion-selective channel protein called porins at the surface of the outer 

mitochondrial membrane [4]. Moreover, GK is an ATP-stimulated translocation promoter 

(ASTP) [5] that promotes the translocation of activated glucocorticoid-glucocorticoid 

receptor (GR) complex to the nucleus for transcriptional activation of GR-responsive 

genes. We hypothesized that the disruption of these interaction may potentially have 

significant effect on the phenotypes of glycerol kinase deficiency (GKD). In this chapter, 

we concentrate on the protein-protein interaction between GK and GR, the ASTP 

interaction. Specifically, we aimed to investigate the interactions of GK and GR and the 

downstream effects of glucocorticoid responsive gene expression.  

Previous GK studies have shown that GKD may be affected by moonlighting 

activities of GK [6,7, 8, 9, 10]. First of all, in the isolated form of GKD (iGKD), there is a 

lack of genotype and phenotype correlation, which means that family members with same 

mutation can present with different phenotypes [7]. For example, there was a case where 

only one of the two nonidentical twins, with the same GKD nonsense mutation Q403X, 
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have been found with symptomatic symptoms [8]. Also, recent studies showed that 

individuals with the specific N288D mutation in GK, resulting in GKD, revealed a link 

between GK and obesity [8]. Individuals with GKD mutations only have residual amount 

of phosphorylation activity. Since adipogenesis, obesity and type II diabetes mellitus are 

involved in many mechanisms of the metabolic pathways, we strongly believe that at 

least one of GK’s moonlighting functions contributes to the phenotype of GKD. In 

another metabolic study at our laboratory, H4IIE rat hepatoma cells with GK over-

expression showed altered fluxes in the carbon metabolism, especially in the pentose 

phosphate pathway and lipid synthesis [9]. Many other biological pathways and relating 

genes were significantly altered including insulin signaling genes and steroid biosynthesis 

genes [6, 10].  We hypothesized that the changes in gene expression and altered 

metabolic fluxes through these pathways are results of differential GK enzymatic activity 

and ASTP activity. 

 

Glucocorticoid Receptor  

Glucocorticoids are steroid hormones, secreted by the adrenal cortex, that are 

mainly used as immune suppressant and anti-inflammatory agent. They bind to the 

glucocorticoid receptor (GR), which is a member of the nuclear receptor superfamily of 

ligand-activated transcription factors. When glucocorticoids are absent, GR forms a 

protein complex with heat shock protein 70 and HSP 90 in the cytoplasm [11, 12, 13]. 

When glucocorticoids are available, they travel to the plasma membrane and bind with 

GR [14]. This leads to dissociation of GR from its chaperone proteins and translocation 

of the activated GR to the nucleus [15, 16, 17]. When the activated GR complex reaches 
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the nucleus, it can bind to DNA as a monomer or as a dimer to palindromic 

glucocorticoid response elements (GREs) and modulate transcription of glucocorticoid 

responsive genes [18, 19].  

The mechanisms following the translocation of GR to nucleus are quite complex.  

Activated GR activates or represss transcription by interacting with different 

transcriptional regulators. In other words, GR directly binds the DNA and either interacts 

positively with transcription factors [20] leading to up-regulation of target gene 

expression or negatively by interfering with TFs leading to down-regulation of target 

gene expression. The repression system has been classified as mechanisms of anti-

inflammatory actions [21]. There can be multiple signaling pathways acting on the 

glucocorticoid response units, including GRE and relating transcription factor binding 

sites, which can change the net effect of the GR target gene expression. 

GR has been shown to directly interact with other proteins, including transcription 

factors and coactivators, for the activation of specific target genes, in different cell types. 

For example, GR-Stat5 protein-protein interactions have been confirmed to preferentially 

affect gene sets involved in postnatal growth and maturation in hepatocytes [22, 23, 24]. 

Another protein-protein interaction study concluded that the regulation of breast cancer 

growth inhibition can be monitored when GR interacts with estrogen receptor alpha 

(ERα), which is mediated by activator protein 1 (AP1) [25]. Other GST pull-down 

experiments also confirmed a formation of a multiprotein complex between activated GR, 

Raf-1 and 14-3-3 that leads to transcriptional regulation of cell cycle and cell 

differentiation [26]. In summary, GR can dynamically bind to selected proteins to affect 

different downstream mechanisms in a given cell types.  
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GR Isoforms 

In addition to the actions of different GREs that get diversify GR signaling, GR 

has many isoforms, generated by alternative splicing and alternative translation initiation 

sites. Each isoform can provide different functions in cellular systems, which includes 

embryonic development, nervous system, muscular skeletal systems, and immune system. 

Post-translational modifications of GR include phosphorylation, acetylation, 

ubiquitnation, and SUMOylation allows for more variety of functional properties in cells 

[27]. For instance, GRs are known to undergo SUMOylation to regulate organization of 

chromatin structure and protein stability [28]. 

There are two main isoforms of GR (alpha and beta) in humans, generated by 

alternative splicing mechanics [29]. hGRα isoform binds to glucocorticoids in the cytosol 

and translocates to the nucleus, while recruiting coregulators to promote transcriptional 

events. hGRβ, on the other hand, stays in the nucleus and acts as a natural inhibitor of 

hGRα. hGRβ has the responsibility to regulate genes that are not regulated by the alpha 

isoform[29]. For this reason, hGRα is the most studied isoform due to its ability to 

translocate outside and within the nucleus. GRα isoforms can undergo alternative 

translation initiation, thereby generating eight more isoforms of GR with truncated N 

termini (e.g. GRα-A, GRα-B, GRα-C1, GRα-C2). Although they all have glucocorticoid-

binding affinities and interactions with GREs, they can potentially bind to different 

coactivators that give fine-tuning of GR signaling in a given cell type under given 

physiological conditions [30]. 

One of the main objectives in this study was to confirm the existence of ASTP 

activity in GK. Also, we aimed to determine the mechanism behind the protein-protein 
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interaction of GK and GR. Furthermore, we wanted to understand the downstream factors 

affected as a result of the interaction. In order to meet these goals, we took an approach 

of using bioinformatics and biochemical strategies. By using immunoprecipitation and 

blotting techniques, we isolated pure GK and GR proteins using antibodies and studied 

the binding affinity of the proteins in vitro. We used multiple sequence alignment to 

predict possible modes of interaction between GK and GR. We verified the hypothesis by 

generating GK mutants and examining the interaction criteria of GK and GR using the 

newly developed GK knock out cell line (from Chapter 4).  

 

Methods/Materials 

Protein Lysate Preparations  

H4IIE rat hepatoma cells overexpressing glycerol kinase were incubated with 

100nm dexamethasone prior to harvest. Cells were then homogenized in 100ul of buffer 

containing 1%KCl, 1mM EDTA supplemented with 1 cOmplete protease inhibitor 

cocktail tablet (Roche Diagnostics, Germany) using a Sonicator. Protein lysate 

concentrations were measured by Bradford protein assay [31]. In vitro translated proteins 

of mutant GK were made using TNT Quick Coupled Transcription/ Translation Systems 

(Promega, Madison, WI) per manufacturer’s instructions. Proteins were purified using 

immunoprecipitation procedures. 

 

Immunoprecipitation (IP) 

Prior to application of antibodies, 70ul of agarose protein A beads were washed 

with IP wash buffer containing 50ml PBS with 0.05% NP40 and 0.02% NaN3. Beads 
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were then precleared with 200ug of protein lysates for 30 min at 4 °C. Beads were then 

incubated with respective antibodies ( GK antibody Ab70029 (Abcam, Cambridge, MA) 

or GR antibody sc-8992 (Santa Cruz Biotechnology, Dallas, TX) at 4 °C overnight. 

Precleared lysate was then incubated with antibody-coated beads at 4 °C overnight. After 

several stringent washes with IP wash buffer and SACI buffer containing 0.5% NP40, 

10mM Tris Base pH8.0, 150mM NaCl, and 0.05% sodium azide. Protein-coated beads 

were then incubated with low pH 100nM glycine pH 2.5 to elute proteins. 1mM Tris-HCl 

pH9.0 buffer was used to neutralize the pH. Immunoprecipated proteins were used for dot 

blot and western blot assays. 

 

Dot Blot Immunoassay 

Dot blotting was performed using Bio-Dot microfiltration apparatus, per 

manufacturer’s instructions (Bio-Rad, Hercules, CA). Using the microfiltration apparatus, 

purified GK proteins were transferred to a nitrocellulose membrane by gravity flow, 

followed by filtration of blocking solution containing nonfat dry milk in TBS. The 

nitrocellulose membrane was then retrieved from the microfiltration apparatus before it 

was rinsed in blocking solution containing GR proteins at 4 °C overnight. After several 

washes of the membrane, membrane was incubated with GR primary antibodies were 

incubated overnight at 4°C at the concentration of 1:1000, followed by secondary 

antibodies for 1 hour at room temperature. Immunoreactive bands were visualized by 

ECL plus kit (Amersham Biosciences, Piscataway, NJ), as per manufacturer’s protocol, 

using ChemiDoc XRS+ Imaging system (Bio rad, Hercules, CA). Nuclear extracts (sc-

2138, Santa Cruz Biotechnology, Dallas, Tx) were used on the membrane as the positive 
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control and E. coli GK proteins (Product 49955, Sigma Aldrich, St. Louis, MO) were 

used on the membrane as negative control. 

 

Western Blotting 

Cells were harvested using a cell scraper a confluent plate of cells in 1% KCl/EDTA 

buffer supplemented with protease inhibitor. Proteins were extracted from cells by 

sonication. And protein concentration was determined by BCA assay [31]. 100ug of 

protein were separated on a 4-12% Bis-Tris NuPage gel (Life Technologies, Grand Island, 

NY) and electroblotted onto a polyvinylidene difluoride (PVDF) membranes at 100 volts 

for an hour. The membranes were blocked in 0.01M PBS, 0.05% Tween 20 buffer (PBST) 

containing 10% blotto overnight at 4 °C.  Primary antibodies were incubated overnight at 

4°C at a concentration of 1:1000, followed by secondary antibodies for 1 hour at room 

temperature. Immunoreactive bands were visualized by ECL plus kit (Amersham 

Biosciences, Piscataway, NJ), per manufacturer’s protocol. All membranes were 

subjected to stripping using 1M NaOH for 10 min at room temperature, reblocked, and 

reprobed for B-actin (Invitrogen, Carlsbad, CA) at a concentration of 1:3000 overnight at 

4°C, and secondary antibody, goat anti-rabbit HRP, at a concentration of 1:5000 for 1 

hour at room temperature and developed as previously described using Amersham ECL 

Plus Westeren Blotting Detection Kit (GE Healthcare Bio-Sciences, Pittsburgh, PA). 
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Bioinformatics Characterization of Glycerol Kinase 

Full length glycerol kinase amino acid sequences (e.g. human, mouse, rat, 

orangutan, pig, Drosophila melanogaster, xenopus, E. coli, E. fergusonii, P. syringae) 

were retrieved from NCBI database. Characteristics domains or motifs were identified 

using the PROSITE profile database. (http://prosite.expasy.org/scanprosite/). Multiple 

sequence alignment were analyzed using ClustalW program 

(http://www.ebi.ac.uk/Tools/msa/clustalw2/).  

 

HEK293T Cell Culture 

HEK-293T were grown at 37 °C in a humidified atmosphere containing 5% CO2 

in Dulbecco’s modified Eagle’s medium (DMEM), containing 10% fetal bovine serum 

(FBS) and 1% penicillin-streptomycin solution (PS) [32]. Prior to stable transfection on 

day 0, cells were seeded at one hundred thousand cells in a 12-well plate. For lentiviral 

transfection, cells are seeded at five million cells in a 10cm plate. Transfection can be 

performed above 75% confluency.  

 

Construction of the Human GK Knockout Cell Line 

The knockout cell line is generated using the type II CRISPR nuclease system 

developed by Cong et al. [33]. Two Cas9 target sites are located in exon 1 and exon 17 of 

human GK. A pX330-GK expression vector was constructed by ligating the cDNA 

encoding one of the target sequences between the two BbsI sites of the pX330 vector. 

Consequently, two expression vectors were made to allow for two Cas9 cleaving events 

in exon 1 and exon 17 of GK. The expression vectors (pX330-GKex1 and pX330GKex17) 
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(1ug of each vector) are co-transfected with 100ng of puromycin into the HEK-293T 

cells using Lipofectamine 200 transfection reagent as per the manufacturer’s protocol 

(Life Technologies, Grand Island, NY). Screening of transfected cells were performed by 

dilution screening technique of single cell clone assisted by incubating cells in puromycin 

at working concentration of 5ug/ml [34]. PCR and Sanger sequencing were performed 

(Laragen Inc., Los Angeles, CA) to verify the cleaving/ repair sites for each clone.  

 

Generation of the LXXLL Mutants 

The LXXLL mutants are created using site directed mutagenesis using pRRL-GK 

plasmid as the backbone, where each leucine residue is replaced with alanine (e.g. 

AXXLL, LXXAL, LXXLA).  Transfection procedures are identical to that of the GKD 

mutants, described in the previous chapter. 

 

Lentiviral Transfection of GK Mutants 

GK knock out cells were seeded in 6 well plates and were infected at 50% 

confluence using multiplicity of infection (MOI) of 10 for each well. Virus supernatants 

were applied to cells in Dulbecco’s modified Eagle’s medium DMEM containing 10% 

FBS and 10ug/ml polybrene in a final volume of 1ml. Cells were incubated with viral 

supernatant overnight and virus-containing media was replaced with DMEM containing 

10% FBS on the following day. Flow cytometry was used at initial testings to access the 

efficiency of infection. Cells were grown to confluence before harvesting for experiments. 

 

RNA Isolation and cDNA Synthesis 
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Total RNA was isolated from cell lines using the GeneJET RNA purification kit 

(Thermo Scientific, Pittsburgh, PA) per manufacturer’s instructions. RNA was further 

purified using Turbo DNA-free DNase treatment (Life Technologies, Grand Island, NY). 

Purified RNA was visualized on agarose gel and its concentration was quantified using a 

NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE). cDNA was 

synthesized using Superscript III First-Strand systems ( Life Technologies, Grand Island, 

NY) per manufacturer’s instructions with random hexamers as primers. cDNA samples 

were diluted to an optimized concentration of 1ng/uL.  

 

Quantitative Real Time PCR (qRT-PCR) 

All assays were carried out using PerfeCTa SYBR Green FastMix (Quanta 

Biosciences, Gaithersburg, MD) with QuantiTect (Qiagen, Valencia, CA) primer assays. 

Cells were treated with 100nM dexamethasone [35] for 24 hours, after which RNA was 

isolated. Genes assayed included glucocorticoid receptor (GR) responsive genes 

[ tyrosine aminotransferase (TAT), and phosphoenolpyruvate carboxykinase (PEPCK)], 

adipogenic genes [ fatty acid binding protein 4 (FABP4/aP2) and CCAAT enhancer-

binding protein (C/EBPα)], non-GR responsive gene cadherin-15 (CDH15), and lastly 

endogenous control beta-actin (ACTB). 1ng of cDNA was loaded into each reaction, 

which was detected using ABI prism 7500 Sequence detection system. Each sample was 

assayed in duplicates and each reaction was replicated as least once. Fold changes for 

each of the genes were determined using the 2( -Delta Delta CT) method [36]. 
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GK Enzymatic Assay. 

A radiochemical assay described previously [37] was used to determine the GK 

enzymatic activity. Each mutant was assayed in duplicate with 4ug of total cellular 

protein (for HEK-293T cells) for 20 minutes. For each assay, the scintillation count was 

plotted against the amount of protein, and the counts per minute (CPM) was proportional 

to relative GK enzymatic activity. 

 

Results 

To confirm the existence of GK-GR binding, human GK and GR proteins were 

made using in vitro translation of rabbit reticulocyte lysates. The proteins were purified 

by immunoprecipitation prior to blotting. The human GK proteins were absorbed onto a 

nitrocellulose membrane at an increasing concentration of 1ug to 10 ug. The membrane 

was then rinsed with a buffer solution containing GR proteins. GR antibodies were 

applied to the membrane to confirm binding of GR to the immobilized GK. Dot blot 

results confirmed that there was binding affinity between GK and GR as increased 

amount of signal was observed when more GK proteins were dotted onto the membrane 

(Fig. 5.1).  

We alternatively confirmed GK and GR as binding partners using immuno-

precipitation analysis. Using cell lysate harvested from H4IIE GK-overexpressing liver 

cells, the blots showed that the GK antibody (Fig. 5.2A) detected GK proteins at 49kDa 

and the GR antibody (Figure 5.2B) detected GR isoforms alpha and beta. Western blots 

analysis also detected both GK and GR eluted from the immunoprecipitation processes 

(Figs. 5.2 C and D). Specifically, immunoprecipitation of liver cell lysates using GK 
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antibody followed by anti-GR immunoblotting confirmed interacting proteins as GR at 

95kDa. Conversely, when GR antibody was added in the immunoprecipitation followed 

by application of the latter GK antibody in western blotting, GK was detected at 49kDa. 

These results confirmed that the GK-GR complex exists. 

To investigate the mechanisms of this protein-protein interaction, a multiple 

sequence alignment analysis was performed.  Reference sequences of GK in multiple 

species, from different bacterial species to mammalian species, were gathered. In the 

sequence alignment(Fig.5.3), the regions where mammalian GK sequences are 

significantly different from the bacterial GK sequences are probable interacting domains 

of GK and GR due to the understanding that bacterial GK do not exhibit ASTP activity 

[38]. Among those results, one of the functional motifs, called the LXXLL functional 

motif, was the most favorable candidate. GK has one LXXLL motif (at amino acid 

residues 154 to 158), a motif that has been reported to preferentially bind to ligand-

binding domains of the nuclear receptors like GR [39]. Based on this alignment analysis, 

we sought to examine whether the LXXLL motif in GK is important for the GK-GR 

interactions.  

To determine whether the LXXLL motif in GK is critical for the GK-GR 

interaction, we incorporated the mutagenesis strategy, reported from previous chapter, 

into this study. At amino acid residues 154 to 158 of GK where LXXLL motif  is located, 

we created site-directed mutations, in which we replaced each leucine residue of the 

motif to alanine. We created a total of three mutants for each of the Leucine residues. The 

conversion of an amino acid into alanine can theoretically preserve the overall secondary 

structure and the proper folding of the protein. Although these mutations are not found in 
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any individuals with GKD, this analysis further strengthens our hypothesis that GK 

interacts with GR.  

In summary, we generated LXXLL mutants (e.g. AXXLL, LXXAL, LXXLA) of  

human GK by site-directed mutagenesis. E. coli , which does not have nucleus and 

therefore lacks ASTP activity, is used as a negative control for our experiments [38]. 

Alternatively, I created a synthetic E. coli GK control, by performing a sequential 

conversion of single mutations from LXXLL of hGK to create VXXIL of E. coli. During 

the mutagenesis process, we also obtained an intermediate LXXLL version of the E. coli 

GK, VXXLL. After purifying all the mutant proteins using in vitro translation and IP, we 

conducted a dot blot experiment of those mutant GK proteins (e.g. AXXLL, LXXAL, 

LXXLA, VXXLL, VXXIL). Our results showed that mutants had reduced amount of 

signal compared to normal GK proteins, indicating that mutant proteins do not bind to 

GR as efficiently (Fig. 5.4). Minimal signals were detected in all 5 LXXLL mutants, 

showing little to no binding affinity of those mutants to normal GR proteins. As expected, 

both VXXIL E. coli controls had the least amount of signal among all mutants.  

In order to study the LXXLL mutations in cell culture, we generated lentiviruses 

with ability to infect our newly made GK KO cell lineso that they are able to express the 

LXXLL mutations.  These LXXLL mutants were assessed based on GK phosphorylation 

activity and ASTP activities. GK enzymatic activity was determined using a radiolabel 

assay [37]. Our results from the GK enzymatic assay suggested that all mutants retained 

their ability to phosphorylate glycerol, despite their differences in the LXXLL motif 

(Table 1). Next, ASTP activity were measured by quantifying the level of mRNA in GR 

responsive genes, including TAT and PEPCK, in qRT-PCR analysis.  Cell were either 
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incubated with or without dexamethasone prior to harvest, which would activate the 

glucocorticoid receptors. Analysis of GR responsive genes TAT and PEPCK mRNA by 

qRT-PCR analysis with RNA isolated from cells showed that wild type cells, with normal 

human GK expression, had increased expression of about 1.6 fold and 1.8 fold in TAT 

and PEPCK, respectively, in response to glucocorticoid receptor activation (Fig. 5.5, Fig. 

5.6, and Table 5.1). AXXLL, LXXAL, and LXXLA mutants have only a 1.08-fold, 1.10-

fold, and 1.08-fold increase, respectively, in TAT expression in response to 

dexamethasone treatment (Table 5.1). The results suggest that LXXLL mutant cells had 

significantly lower ASTP activity compared to normal cells, based on the decrease in GR 

responsive gene expression in response to dexamethasone treatment.  

 

Discussion 

ASTP activity was first proposed by Okamoto et al. [4], who demonstrated a 

macromolecule with the ability to enhanced the translocation of activated glucocorticoid 

receptor complex to nucleus in the presence of ATP. The ATP-stimulated translocation 

promoter was purified from cytosol of rat liver by DEAE-cellulose column 

chromatography and was found to have a molecular weight of about 93 kDa. They also 

sequenced this protein, which appeared to have an open reading frame of 524 amino 

acids with a molecular weight of 57kDa. The rat ASTP amino acid sequence was 99% 

identical with murine Gyk and 95% with human GK. Okamoto’s initial findings that 

there is a protein-protein interaction between GK and GR. We alternatively proved that 

GK-GR interaction existed. Blotting experiments showed that GR proteins have binding 

affinity with GK proteins. First, dot blot experiments showed their binding affinity 
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between the two proteins. Secondly, it was shown that these two proteins are binding 

partners in an IP-Western experiment. Next, we investigated the binding domains in GK 

and GR that allowed for binding of the proteins. Although this in vitro experiment 

suggested that binding may not require the presence of ATP, we expected that ATP are 

required for functional activity in cells.  

Two sets of IP-Western experiments were performed in this study. First, IP was 

carried out using GR antibody to identify potential partners of GR and GK was 

subsequently identified on the Western blot. We confirmed the results alternatively by 

initially using GK antibody in the IP to capture partners of GK and then identifying GR 

on the western. Our results identified interacting proteins with size slightly less than 

95kDa, which could potentially be the size of an alternative splicing variant of the GR α 

isoforms (95kDa)) [27]. GR α isoforms are known to be the most active isoforms in 

binding with promoters of GR-responsive genes, compared to other isoforms [29]. 

The observed bands on the blot was analyzed in a mass spectrometry analysis in 

order to further confirm the presence of the GK-GR protein complex. Unfortunately, the 

mass spectrometry instrument was not able to detect the proteins. We hypothesized that 

lack of detection could be due to the dynamic aspects of the interaction as well as the low 

abundance of captured protein complexes. GR is a multi-functional protein known to be 

involved in many cellular functions, whether it functions in embryonic development, 

nervous system, muscular skeletal systems and/or immune system. The receptors must be 

continuously interacting with many different molecules to perform their respective 

functions. With that in mind, the mechanism of interactions in GR could take place in 

short time scales, and therefore difficult to capture the GK-GR protein complex.   



 

95 

In the LXXLL mutation analysis, we hypothesized that LXXLL mutants would 

have reduced or minimal ASTP activity. Our results indeed showed that all mutant 

proteins have less binding affinity for GR, suggesting that LXXLL motif is important for 

GK and GR binding. VXXIL synthetic control, in particular, had lowest amount of signal, 

which supported the hypothesis because we had previous confirmed E. coli do not exhibit 

ASTP activity [38]. These results agreed with a previous study using similar mutations of 

hGR (e.g. AXXLL and LXXAA) were created and showed that AXXLL mutant retained 

the same transactivation activity of GR while the LXXAA had complete disruption of GR 

transactivation activity [39]. 

GK enzymatic analysis on the LXXLL mutants showed that mutants retained its 

phosphorylation properties despite the single amino acid change in a functional motif 

(Table 5.1).  This was not a surprise because the conversion of leucine to alanine 

theoretically would not affect the overall conformation of the protein. On the other hand, 

quantitative real time PCR analysis showed that LXXLL mutants had reduction in gene 

expression of GR-responsive genes (TAT and PEPCK) in response GR activation, hence 

less ASTP activity, compared to normal cells (Fig. 5.5, 5.6 and Table 5.1). The overall 

mutagenesis results showed that mutation of this motif only affect the  ASTP activity of 

GK, but not its phosphorylation activity. The mutations of the LXXLL motif disrupted 

GK’s binding with GR. LXXLL motif in GK is critical for the interaction with GR.  

In conclusion, we captured the protein-protein interaction of GK and GR. We 

confirmed that changing LXXLL motif in GK has significant effect on the ASTP activity 

of GK,  but not its enzymatic activity. Mutation of this motif, particularly the first, the 

fourth, and fifth position, can hinder the binding of GK and GR. 
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Figure 5.1 Dot blot analysis confirming the binding affinity of GK and GR  

hGK was immobilized onto a nitrocellulose membrane. Prior to application of anti-

GRantibodies, membrane was rinsed in buffer containing purified GR proteins.  

Author Contribution: C.H. performed the dot blot experiment. 
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Figure 5.2 Immunoprecipitation and western blot analyses of GK/GR protein-protein 

interaction 

A) Immunoblot of GK in H4IIE rat hepatoma cells pre-treated with synthetic 

glucocorticoids dexamethasone (Dex). Cell lysates (Lys) were either incubated 

with or without Dex prior to harvested and were loaded onto an SDS-PAGE gel. 

Anti-GK antibodies (dilution of 1:1000) were used to detect GK proteins in the 

cell lysate. 

B) Immunoblot of GR in H4IIE rat hepatoma cells pre-treated with synthetic 

glucocorticoids dexamethasone (Dex). Cell lysates (Lys) were either incubated 

with or without Dex prior to harvested and were loaded onto an SDS-PAGE gel. 

Anti-GK antibodies (dilution of 1:1000)were used to detect GR proteins in the 

cell lysate. 

C) Interaction of GK and GR determined by immunoprecipitation of GK in H4IIE rat 

hepatoma cells treated with dexamethasone. Anti-GK antibodies were added to 

cell lysates in the immunoprecipitation reactions to capture all binding partners of 

GK in cells, the product of the immunoprecipitation reaction was loaded onto an 

SDS-PAGE gel and probed with Anti-GR antibodies (dilution of 1:1000). 

D) Interaction of GK and GR determined by immunoprecipitation of GR in H4IIE rat 

hepatoma cells treated with dexamethasone. Anti-GR antibodies were added to 

cell lysates in the immunoprecipitation reactions to capture all binding partners of 

GK in cells, the product of the immunoprecipitation reaction was loaded onto an 

SDS-PAGE gel and probed with Anti-GK antibodies (dilution of 1:1000). 

 

Author Contribution: C.H. performed the immunoprecipitation and Western blot. 
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Figure 5.3 Multiple sequence alignment showing LXXLL motif of GK in various 

species 

The full length glycerol kinase amino acid sequences (e.g. human, mouse, rat, orangutan, 

pig, drosophila melanogaster, xenopus, E. coli, E. fergusonii, P. syringae) were 

compared using multiple sequencing alignment tool ClustalW. 

 

Author Contribution: C.H. performed the multiple sequence alignment analysis. 
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Figure 5.4 Dot blot analysis of LXXLL mutants 

 

In vitro translated proteins (1ug, 2ug, 3ug, 4ug, 5ug, 6ug) were blotted onto the 

nitrocellulose membrane. LXXLL mutants (AXXLL,LXXAL, LXXLA, VXXLL, 

VXXIL) were compared against WT. GR control was used as positive control and E. coli 

GK and blank (PBS) were used as negative control.  

Author Contribution: C.H. performed the dot blot experiment. 
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Figure 5.5 LXXAL and LXXLA mutant have reduced fold difference of TAT 

expression as a result of dexamethasone treatment, corresponding to decrease in ASTP 

activity. # p<0.05 WT vs WT w/dex 

* p<0.05 mutant samples with dexamethasone compared to same sample without 

dexamethasone 

+ p<0.05 samples w/o dexamethasone compared to WT 

Author Contribution: C.H. performed the quantitative RT-PCR experiments. 
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Figure 5.6 Reduced mRNA levels of PEPCK  in LXXLL mutants as a result of 

dexamethasone treatment, corresponding to decrease in ASTP activity. # p<0.05 WT vs 

WT.dex 

* p<0.05 mutant samples with dexamethasone compared to same sample without 

dexamethasone 

+ p<0.05 samples w/o dexamethasone compared to WT 

Author Contribution: C.H. performed the quantitative RT-PCR experiments. 
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Table 5.1 Glycerol kinase enzymatic activity and ASTP activity of the LXXLL mutants  

Enzymatic activity levels are measured in the units of count per minute (CPM) by a 

scintillation counting instrument. GK activity values are expressed as percentage of GK 

activity in mutant cells relative to GK activity in rescue. ASTP activity is reported as the 

difference in the mRNA levels of a gene in response to dexamethasone treatment (e.g. a 

value of 1.63 means 63% increase in mRNA level in response to DEX). 

 

 
  GK activity (%) 

ASTP 
activity(TAT)  

ASTP activity 
(PEPCK) 

Rescue ( human GK) 100% 1.63±0.02 1.81±0.02 

HEK293T parental 
cells 98±0.01% 1.60±0.02 1.79±0.02 

AXXLL 98.24±0.12% 1.08±0.01 1.10±0.01 

LXXAL 96.42±2.01% 1.10±0.01 1.14±0.01 

LXXLA  92.35±0.03% 1.08±0.03 1.09±0.03 

KO 0.10±0.06% 1.02±0.02 1.13±0.01 
 

Author Contribution: C.H. performed the GK enzymatic activity assay and the qRT-

PCR for the ASTP assays. 
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Chapter Six 

Summary and Discussion of  

Understanding the Moonlighting Functions of Glycerol Kinase 
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General Discussion 

This dissertation examines both enzymatic and moonlighting roles of glycerol 

kinase in relation to glycerol kinase deficiency (GKD), using newly developed study 

models developed in our laboratory. 

Chapter two discusses the characterization of our transgenic mouse strain with 

overexpression of glycerol kinase in liver. Our transgenic mice had increased fat 

deposition in liver and adipose tissues due to the overexpression. Analysis of the 

metabolites in blood plasma leads to conclusion that the transgenic mice have high risk of 

developing obesity and type II diabetes mellitus. This chapter is a version of Ho C, 

Badjatiya A, Dipple K. Mice With Enhanced Glycerol Kinase Expression Have High 

Risk For Developing Obesity and Type II Diabetes Mellitus ( Manuscript In Preparation). 

Chapter three introduces a mathematical model that can predict glucose uptake 

rate of biological systems based on their insulin signal transduction gene expression 

activities. We demonstrated the ability to apply microarray gene expression data of 

glycerol kinase knock out mice into the mathematical model to predict their insulin 

sensitivity. Our simulation suggested that the knock out mice have reduced GLUT4 

translocation accompanied with reduced glucose uptake rate, implying that they are 

susceptible to insulin resistance. This chapter is a reprint from Molecular Genetics and 

Metabolism, with permission from journal: Ho C, Rahib L, Liao J, Sriram G, Dipple K. 

Mathematical Modeling of the Insulin Signal Transduction Pathway for Prediction of 

Insulin Sensitivity from Expression Data, Mol Genet Metab. 114(1):66-72, 2015. 

 Chapter four describes the generation of a new knock out model in our laboratory. 

A human GK knock out kidney cell line was established using CRISPR/Cas9 technology. 



 

109 

Lentiviruses were used to transfer variation of GK genes into these knock out cells. As a 

result, many mutants carrying GKD were produced and compared against each other 

based on GK enzymatic and ASTP levels. The enzymatic assay results are consistent with 

previous tests done in human studies.  

 Chapter five emphasizes the protein-protein interactions of GK and glucocorticoid 

receptor. Using a combination of bioinformatics and biochemical techniques, we 

confirmed that the LXXLL motif in GK is responsible for GK-GR binding. We applied 

the lentivirus mutagenesis approach to create LXXLL mutants and showed that LXXLL 

motif in GK is critical for the binding to GR and activation of GR responsive genes, but it 

does not affect GK phosphorylative properties. Differential gene expressions of 

adipogenic and insulin signaling genes were among the GR direct targets downstream 

affected by the GK-GR interaction.  

 To summarize the key findings of  the thesis dissertation, many study models (e.g. 

mathematical model, mouse model, and cell culture model) were developed to examine 

the moonlighting functions of GK. We showed in the diet study that GK is involved in fat 

deposition and adipogenesis, and its overexpression increases risk of obesity and T2DM 

in mice. Our mathematical model predicted that GK knock out mice have reduced 

glucose uptake and reduced insulin sensitivity, based on differential gene expression of 

key genes in the insulin signal transduction pathway. Lastly, cell culture studies showed 

that protein-protein interaction of GK and GR is critical for regulation of GR responsive 

genes. Overall these studies confirmed that GK is involved in increased risk of obesity, 

and T2DM. This appears to occur through increased adipogenesis andrequires both GK 

enzymatic and ASTP activity. 




