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ABSTRACT 

 

The majority of the mammalian genome comprises non-coding regions, where 

numerous long non-coding RNAs (lncRNAs) are transcribed. Although it has been 

revealed that some lncRNAs serve as key regulators in essential biological processes, the 

majority of their functions remain unknown, notably in liver metabolism. Analysis of our 

recent genome-wide screen data reveals that Gm15441, a lncRNA antisense to a protein-

coding gene thioredoxin-interacting protein (Txnip), is the most significantly upregulated 

lncRNA in the fasting mouse liver. Given that certain antisense lncRNAs have been 

reported to regulate the expression of their sense genes, the roles of Gm15441 in 

regulating Txnip expression were addressed in this work. Furthermore, the fact that Txnip 

is a prominent regulator of liver metabolism prompted us to investigate the functional 

role of the Gm15441-Txnip axis in liver metabolic homeostasis. 

We first investigated the response of Gm15441 and Txnip to in vivo metabolic 

challenges, such as fasting and refeeding, and in vitro metabolic stimuli, such as insulin 

and key metabolic transcription factors. Next, in mouse hepatocytes, we assessed the 

regulation of Txnip expression by Gm15441 and the underlying mechanism. Lastly, 

using an adenovirus-mediated liver-specific overexpression approach, we determined 

whether Gm15441 regulates Txnip expression in the mouse liver and modulates key 

aspects of liver metabolism, including glucose and lipid metabolism. 

We found that Gm15441 is most robustly upregulated in the mouse liver upon 

fasting. In addition, Gm15441 and Txnip expression levels were shown to respond 

similarly to various metabolic signals both in vivo and in vitro, although their functions 
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were predicted to be opposed. Furthermore, knockdown of Gm15441 by siRNA showed a 

trend of increasing Txnip protein expression in hepatocytes, while overexpression of 

Gm15441 by adenoviral gene delivery dramatically reduced Txnip protein expression 

both in vitro and in vivo. Mechanistically, we showed that Gm15441 directly binds to 

Txnip at RNA levels and inhibits Txnip translation. Moreover, the 207-709 nucleotides of 

Gm15441, which is complementary to the Txnip 5’end, mediate the reduction of Txnip 

protein expression. Lastly, we found that liver-specific overexpression of Gm15441 by 

adenovirus regulates glucose and lipid metabolism by decreasing blood glucose and 

plasma triglyceride levels while increasing plasma ketone body levels.  

In conclusion, our study demonstrated that lncRNA Gm15441 is a potent 

translational inhibitor of Txnip and a critical regulator in the liver metabolic homeostasis. 

This study characterizes both gene modulation and biologic functional role of Gm15441 

and reveals the therapeutic potential of lncRNA Gm15441 for the treatment of glucose 

and lipid metabolic disorders.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Long Non-Coding RNAs 

This section includes the definition and classifications of long non-coding RNAs 

(lncRNAs). The known types of the lncRNA molecular mechanisms are explained, and 

the biological functions of characterized lncRNAs are introduced. 

1.1.1 Definitions and Classification  

In 1958, the term "Central Dogma" was first proposed by Francis Crick, 

discoverer of the double helix structure of DNA. The Central Dogma defines the 

fundamental molecular biology of genetic information processing. Briefly, the DNA is 

transcribed into the messenger RNA (mRNA), subsequently translated into a functional 

product – protein (Crick 1970). Most of our current knowledge is based on studies of 

protein-coding genes, while less than 2% of the human genome encodes proteins 

(Salzberg 2018). However, enormous sequencing efforts in recent years have established 

that around 70 to 90% of the genome is actively transcribed (Pertea 2012). During the last 

two decades, scientists have discovered tens of thousands of transcribed RNAs that do 

not encode proteins, termed non-coding RNAs (Weinberg and Penman 1968, Paul and 

Duerksen 1975, Salditt-Georgieff et al. 1981, Nickerson et al. 1989). 

Non-coding RNAs are most commonly divided into two significant classes by the 

length of RNA: 1) short non-coding RNAs, which are less than 200 nucleotides, and 2) 

long non-coding RNAs (lncRNAs), which are longer than 200 nucleotides (Ma, Bajic and 

Zhang 2013). Short non-coding RNAs encompass microRNAs (miRNAs), endogenous 



 2  

short-interfering RNAs (siRNAs) and piwi-interacting RNAs, and small nucleolar RNAs 

(snoRNAs). The short non-coding RNAs have been studied extensively with essential 

roles in fundamental cell functions. Of these short RNAs, the miRNAs are the most 

studied group and play important roles in regulating fundamental cell functions by 

repressing gene expression post-transcriptionally (Jacovetti, Bayazit and Regazzi 2021). 

However, the lncRNAs represent an understudied novel class of transcripts, defined as 

RNA transcripts longer than 200 nucleotides and lacking protein-coding potential, which 

has attracted increasing attention (Derrien et al. 2012, Kopp and Mendell 2018).  

It was found that the human genome comprises at least 9640 loci transcribed 

solely into lncRNAs (Derrien et al. 2012). Only a minority (under 100) have been 

functionally characterized at an individual level by experimental evidence in living 

organisms and cell culture models (Bánfai et al. 2012). According to the human 

GENCODE statistics, the human genome encompasses more than 16,000 lncRNA genes, 

whereas the database LncBook estimates over 200,000 lncRNA transcripts. However, it 

is still debatable how many lncRNAs exist in humans and how many of these lncRNAs 

are functional. 

The majority of lncRNAs are transcribed by Polymerase II (Statello et al. 2021). 

As a result, many possess 5’-end m7G caps and 3’-end poly (A) tails, and it is believed 

that they are transcribed and processed similarly to mRNAs. Compared to mRNAs, 

lncRNAs generally have lower expression levels, which is likely related to the presence 

of repressive histone modifications at their gene promoters. Although a more significant 

proportion of lncRNAs are nucleus-localized, lncRNAs are found to be exported to the 

cytosol. Additionally, analyses of human mitochondrial transcriptomes revealed that 
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lncRNAs exported from the nucleus could be sorted into mitochondria (Mercer et al. 

2011, Rackham et al. 2011). Although it is unknown how lncRNAs are transported to the 

functions sites, the growing studies have identified many cytoplasmic lncRNAs with 

essential roles in modulating mRNA stability, translation, and signaling pathways (Noh et 

al. 2018). 

As shown in the Illustration 1, lncRNAs are typically classified based on their 

genomic location relative to neighboring protein-coding genes as follows: (a) the sense 

lncRNAs, which are located in the introns or exons or both within protein-coding genes 

and transcribed in the same direction as the protein-coding genes; (b) the antisense 

lncRNAs, which are transcribed from the opposite strand of the neighboring protein-

coding genes; (c) the intronic lncRNAs, which are located entirely in introns of protein-

coding genes; (d) the intergenic lncRNAs, which are located in between two protein-

coding genes, and transcribed in the same direction; and (e) the bidirectional lncRNAs, 

which are located within 1 kilobase of the promoter regions of protein-coding genes, but 

transcribed from the opposite strand (Hermans-Beijnsberger, van Bilsen and Schroen 

2018). 

1.1.2 Mechanism of Actions 

The molecular mechanisms of lncRNAs are only starting to be understood, but 

accumulating evidence in recent years indicates that lncRNAs can provide another layer 

of modulation in gene expression (Statello et al. 2021). Although only a tiny fraction of 

lncRNAs have been elucidated, they are shown to be potent gene expression regulators at 

multiple levels (Li and Yang 2017).  
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As shown in the Illustration 2, lncRNAs may interact with DNA, RNA, and 

proteins through nucleotide base pairing or forming structural domains generated by 

RNA folding, resulting in a variety of effects, such as modifying chromatin structure and 

function, regulating transcription of nearby and distant genes, and affecting RNA 

splicing, stability, and translation (Statello et al. 2021).  

 

Illustration 1: Classification of lncRNAs based on their genomic location. Illustration

1: Classification of lncRNAs based on their genomic location. LncRNAs can be

classified as sense, antisense, intronic, intergenic, and bidirectional lncRNAs. See the

text for a detailed description. (Hermans-Beijnsberger, S., Van Bilsen, M., & Schroen, B.

(2018). Long non-coding RNAs in the failing heart and vasculature. Non-coding RNA

research, 3(3), 118-130)



 5  

 

 

 

Illustration 2: Mechanisms of LncRNA action. In numerous tissues, lncRNAs

(indicated in green) have been shown to regulate gene expression at multiple levels:

chromatin, transcription, mRNA, translation, and protein. Hematopoietic lncRNAs may

act at any of these levels. “MicroRNA sponge” refers to the ability of lncRNAs to

sequester cellular microRNAs and prevent them from binding mRNA targets.14

Professional illustration by Debra T. Dartez. (Paralkar, V. R., & Weiss, M. J. (2013).

Long noncoding RNAs in biology and hematopoiesis. Blood, The Journal of the

American Society of Hematology, 121(24), 4842-4846)
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The most well-studied function of lncRNAs is epigenetic modification. For 

example, in female (XX) cells, one X chromosome generates the prototypical lncRNA 

Xist, which coats the chromosome and recruits repressive chromatin complexes to 

condense and silence it (Heard and Disteche 2006). Initially, it was widely believed that 

lncRNAs exclusively acted on nearby genes (in cis). However, a lncRNA named 

HOTAIR changed the stereotype. HOTAIR is the first lncRNA found to function on a 

different chromosome (in trans). It is transcribed from the HOXC locus and can recruit 

repressive complexes to silence HOXD locus genes (Rinn et al. 2007). After this novel 

finding, numerous cis- and trans-acting lncRNAs have been identified in the recent 

decade. In addition to recruiting chromatin-modifying proteins, lncRNAs have been 

demonstrated to interfere with protein-DNA binding (Kino et al. 2010), organize nuclear 

architecture (Mao et al. 2011), influence mRNA stability and translation (Gong and 

Maquat 2011), affect mRNA expression levels by competing for microRNA binding 

(Cesana et al. 2011), and alter protein function directly (Willingham et al. 2005), as 

depicted in the Illustration 2. Therefore, lncRNAs are versatile gene regulators capable of 

functioning at multiple levels. 

1.1.3 Biological Functions 

The investigation of the biological functions of lncRNAs is only in its infancy. 

Only a tiny percentage of lncRNAs have been characterized with specific biological 

functions in cell models and animal models. Interestingly, lncRNAs have been shown to 

play crucial roles in fundamental biological processes and a wide variety of human 

diseases, including cancer, cardiovascular disease, and neurodegenerative diseases, to 

mention a few (Kornfeld and Brüning 2014, Li, Xuan and Liu 2013). The newly 
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discovered roles of lncRNAs across all species provide a novel perspective on the 

significance of RNA in gene regulation (Kopp and Mendell 2018).  

However, among these functionally characterized lncRNAs, most studies were 

focused on organ development, immunology, and cancer. Nevertheless, the function and 

biological relevance of lncRNAs in metabolic homeostasis remain largely enigmatic, 

representing a significant knowledge gap (Ulitsky and Bartel 2013). Fortunately, several  

lncRNAs with critical regulatory roles in glucose and lipid metabolism have been 

identified in recent years. 

Multiple lncRNAs have been shown to affect glucose metabolism. The well-

known lncRNA H19 (H19 imprinted maternally expressed transcript) was reduced by 

80% in skeletal muscle from patients with type 2 diabetes (T2DM), and its absence 

resulted in impaired insulin signaling and glucose uptake in a myoblast line (Gao et al. 

2014). During fasting, the lncLGR (LncRNA Liver Glucokinase Repressor) has been 

shown to regulate hepatic glucokinase expression and glycogen storage (Ruan et al. 

2016). Lack of LincIRS2 in mice results in high blood glucose, insulin resistance, and 

abnormal glucose output (Pradas-Juni et al. 2020). Recent cancer research also 

emphasizes the role of lncRNAs in glucose metabolism. The cancer condition is 

characterized by reprogrammed glucose metabolism of augmented aerobic glycolysis, or 

the Warburg effect (Zhang and Liu 2022). For example, the lncRNA GLCC1 

(Glycolysis-Associated LncRNA of Colorectal) was shown to promote colorectal 

carcinogenesis by enhancing glycolysis through stabilizing a transcription factor c-Myc 

(Tang et al. 2019). Another group has demonstrated that the lncRNA MALAT1 

(Metastasis Associated Lung Adenocarcinoma Transcript 1) contributes to the 
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development of hepatocellular carcinoma by promoting glycolysis and suppressing 

gluconeogenesis via enhancing the translation of a key transcription TCF7L2 

(transcription factor 7 like 2) in the glucose metabolism (Malakar et al. 2019). 

Additionally, there are a few lncRNAs which have been found to regulate lipid 

metabolism. A previous study showed that the lncRNA lncLSTR (lncRNA liver-specific 

triglyceride regulator) regulates triglyceride clearance through affecting the farnesoid X 

receptor (FXR)/ Apolipoprotein C-II (ApoC2) pathway (Li et al. 2015). Another lncRNA, 

Gm16551, was shown to inhibit lipogenesis in mice by forming a negative feedback loop 

in the SREBP1c pathway (Yang et al. 2016). Studies also showed that the lncRNA Blnc1 

is responsible for excess hepatic lipogenesis to further exacerbate insulin resistance and 

aggravate nonalcoholic fatty liver disease (NAFLD) (Zhao et al. 2018). The lncRNA 

MeXis, macrophage expressed LXRa (NR1H3)-dependent amplifier of Abca1 

transcription lncRNA, was recently shown to regulate macrophage cholesterol efflux and 

atherogenesis by amplifying the LXR (Liver X receptor)-dependent transcription of the 

gene Abca1(ATP binding cassette subfamily a member 1) (Sallam et al. 2018). 

Functionally characterized lncRNAs highlight their therapeutic potential in 

diseases, including metabolic diseases. However, a large number of lncRNA are yet to be 

studied. Moreover, a lack of understanding of the roles and mechanisms of the vast 

lncRNAs in human disease has precluded effective drug development. Therefore, 

identifying metabolically-relevant lncRNAs will significantly increase our understanding 

of the fundamental mechanisms that contribute to metabolic diseases and expand our 

current knowledge of the understudied lncRNA class. 
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1.2 Homeostasis and Disorders of Liver Energy Metabolism 

Maintaining metabolic homeostasis is one of the most fundamental processes 

required for life. The liver is the significant organ in the body for glucose and lipid 

metabolism. It has a central role in regulating systemic glucose and lipid fluxes during 

feeding and fasting (Jones 2016). Under feeding conditions, the liver tends to preserve 

energy by promoting glucose uptake and glucose storage in the form of glycogen in a 

process termed glycogenosis, and converts excess carbohydrates into fatty acids in a 

process called de novo lipogenesis (Rui 2014). During fasting conditions, the liver 

provides energy to compensate for insufficient dietary energy by producing glucose by 

breaking down glycogen by glycogenolysis, synthesizing glucose from non-carbohydrate 

metabolites by gluconeogenesis, and breaking down fatty acids by fatty acid oxidation 

(Rui 2014).  

Dysregulation in the liver metabolic functions of the liver could result in 

metabolic diseases such as T2DM and NAFLD (Rui 2014). An improved understanding 

of metabolic homeostasis is crucial for the development of effective therapy for treating 

metabolic diseases. 

T2DM is characterized by the dysregulation of glucose homeostasis, which results 

in hyperglycemia (Rines et al. 2016). T2DM is one of the greatest threats to global public 

health, and its incidence is on the rise (Ahmadinezhad et al. 2017). According to the 

recent American Diabetes Association (ADA) statistics, T2DM is the 7th most significant 

cause of mortality in the United States, with almost 30 million Americans affected. Even 

worse, about 1.5 million Americans are newly diagnosed annually with T2DM. Current 

diabetic therapies have shown efficacy in decreasing blood glucose levels, but their 
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impact is not always maintained, and their usage may be linked with unwanted side 

effects, such as hypoglycemia (Rines et al. 2016). Therefore, novel antidiabetic 

medications that may be used with established treatments are urgently needed. Targeting 

the liver to balance blood glucose levels has not been adequately explored (Rines et al. 

2016). 

NAFLD represents another primary concern for public health with a pathologic 

feature in abnormal hepatic lipid accumulation (Benedict and Zhang 2017). NAFLD has 

emerged as the most common chronic liver disease, affecting around 25% of the 

population worldwide (Mitra, De and Chowdhury 2020). NAFLD is a common 

comorbidity with obesity and T2DM (Scapaticci et al. 2021). NAFLD is histologically 

classified as nonalcoholic fatty liver (NAFL) and nonalcoholic steatohepatitis (NASH). 

The central pathologic feature of NAFL is hepatic steatosis, while NASH is a more 

severe condition characterized by hepatocyte ballooning, chronic inflammation, and 

progressive fibrosis, on the basis of hepatic steatosis (Brown and Kleiner 2016). NAFLD 

can lead to liver failure or cancer and is the second leading indication for liver 

transplantation in the United States (Burra, Becchetti and Germani 2020). However, no 

FDA (Food and Drug Administration)-approved therapy for NAFLD is available (Attia, 

Softic and Mouzaki 2021). There is an urgent need to investigate NAFLD pathogenic 

mechanisms further and develop effective therapeutics for NAFLD. 

The liver is a vital organ for coordinating glucose and lipid metabolic 

homeostasis. The discovery of new metabolic regulators in the intricate glucose and lipid 

metabolic homeostasis network has significant clinical implications for treating liver 

metabolic disorders. 
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1.3 The Long Non-Coding RNA Gm15441 

To identify potential lncRNA regulators in liver metabolism, we analyzed the 

recent genome-wide transcriptomics data from mouse livers under ad libitum, fasting, 

and refeeding from our previous studies (Yang et al. 2016). The fasting condition is an 

extreme energy deprivation, creating acute metabolic stress (Longo and Mattson 2014). 

During fasting, there are multiple pathways involved in glucose and lipid metabolism 

actively regulated to provide energy in the liver. For example, glycogenolysis is increased 

to produce glucose from glycogen; gluconeogenesis is promoted to synthesize glucose 

from non-carbohydrate metabolites, and fatty acid oxidation is also enhanced. Thus, it is 

suitable for identifying potential lncRNA regulators in liver metabolism. Of 

approximately 18,000 lncRNAs screened out, Gm15441 was identified as the most 

robustly upregulated lncRNA induced by fasting in the mouse liver, as listed in Table 1. 

This finding suggests a potential involvement of Gm15441 in liver metabolism.  

Seqname GeneSymbol Source Fold change p-value Regulation

ENSMUST00000107095 Gm15441 Ensembl 45.083862 0.000369962 up

uc008omk.1 Tpd52l2 UCSC_kg 37.705784 2.82959E-05 up

uc007zzp.1 AK160437 UCSC_kg 31.525335 2.15267E-06 up

ENSMUST00000163175 Olfr587-ps1 Ensembl 26.354063 0.03212604 up

uc007xjt.1 BC038648 UCSC_kg 19.50049 5.48321E-06 up

Table 1: Top 5 upregulated lncRNAs in the fasting mice livers. Data are from analysis

of genome-wide transcriptional profiling from the GEO dataset GSE85439.
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According to the NCBI (National Center for Biotechnology Information) gene 

database, Gm15441, also known as predicted gene 15441, is a mus musculus gene (Gene 

ID: 100038464l) that produces a lncRNA. The Gm15441 gene is located on  

chromosome 3, at location NC 000069.7:96, between 96,463,084 and 96,474,117. After 

the transcription of the Gm15441 gene, there is only one validated RNA transcript (NR 

040409.1), which comprises 1673 nucleotides in length and contains four exons. The 

NCBI database also shows that Gm15441 is expressed in a wide variety of mouse tissues, 

with the most abundant expressions in the subcutaneous fat pad adult at 85.5 reads per 

kilobase per million mapped reads (RPKM), mammary gland adult (72.1 RPKM), and 

bladder adult (69.1 RPKM) (Yue et al. 2014). 

According to the genomic location, Gm15441 is a natural antisense lncRNA to 

the protein-coding gene Txnip, as depicted in the Illustration 3. Natural antisense 

transcripts are RNA molecules that are transcribed from the opposite strand of DNA, 

from which the sense RNA transcripts are transcribed (Faghihi and Wahlestedt 2009). 

Natural antisense transcripts partially overlap with sense RNA transcripts (Faghihi and 

Wahlestedt 2009). Both sense and antisense RNAs may encode proteins or be non-coding 

transcripts; however, the most common type of antisense transcripts in the human 

genome is a non-coding antisense RNA partner of a protein-coding gene (Katayama et al. 

2005). Experimental evidence showed that perturbation of an antisense RNA could alter 

the expression of sense mRNAs, suggesting that antisense transcription contributes to the 

control of transcriptional outputs in mammals (Katayama et al. 2005). The presence of 

sense and antisense transcript pairs for non-coding RNAs indicates that natural antisense 
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transcripts may also modulate non-coding RNA sense transcripts (Faghihi and 

Wahlestedt 2009). 

As shown in the Illustration 3, two exons of Gm15441 directly overlap with exon 

regions of the Txnip gene. Therefore, the natural antisense lncRNA Gm15441 can  

potentially bind to Txnip mRNA through complementary sequences. By complementarily 

binding to the sense transcript and forming RNA duplexes, the antisense transcript can 

potentially regulate the sense transcript post-transcriptionally. The RNA-RNA 

interactions may modify mRNA structure or cellular compartmentalization, promote 

transcript degradation, and impact translation (Villegas and Zaphiropoulos 2015). 

 

 

 

 

2

3

4

Exon 1 82

3

4 5 6 7

Exon 1

Illustration 3: Schematic diagram of Gm15441 and Txnip genomic 

organization. Lines and boxes indicate introns and exons, respectively. 

Exons are numbered for each gene.
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Recent research revealed a nuclear-enriched lncRNA antisense to a brain-

functioning neurodegenerative mouse gene Uchl1 (Ubiquitin carboxyl-terminal esterase 

L1). The antisense Uchl1 was shown to enhance Uchl1 protein production by binding to 

active polysomes (Carrieri et al. 2012). BACE1AS is a natural antisense lncRNA to a 

coding gene BACE1 (beta-site amyloid precursor protein cleaving enzyme-1). BACE1AS 

was shown to form RNA duplexes with BACE1 and increase BACE1 mRNA stability 

(Liu et al. 2014). Therefore, the antisense lncRNA Gm15441 may bind to Txnip mRNA 

and affect Txnip expression in a post-transcriptional manner. 

     Studies of the regulatory roles and physiological functions of Gm15441 are still in 

the very early stage. Since 2017, research works regarding Gm15441 have been 

published, adding to the expansion of our knowledge base. At this point, only five papers 

were found when searching the PubMed database for the query "Gm15441". 

First, in 2017, Gm15441 was listed as one of the most upregulated genes in the 

livers of mice on a ketogenic diet (Newman et al. 2017). The ketogenic diet recapitulates 

certain metabolic aspects of dietary restriction, such as reliance on fatty acid metabolism 

and the production of ketone bodies. Therefore, this study suggests a potential 

involvement of Gm15441 in fatty acid metabolism and the production of ketone bodies. 

In 2018, the very first research work suggested the potential of Gm15441 for 

regulating insulin resistance in mouse skeletal muscle (Zhang et al. 2018). Gm15441 was 

shown to be significantly upregulated in the skeletal muscle of insulin-resistant mouse 

models (db/db and ob/ob) and the insulin-resistant cell model (palmitate-treated 

differentiated C2C12 mouse myoblast cells) (Zhang et al. 2018). In skeletal muscle from 

insulin-resistant mouse models (db/db), the expression level of Gm15441 is positively 
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correlated with insulin resistance-related genes, including thrombospondin 1 (Thbs1), 

PPARγ, apelin, and most notably, its antisense-overlapping gene Txnip (Zhang et al. 

2018). This work suggests a potential involvement of Gm15441 in regulating insulin 

signaling in skeletal muscle. 

In 2019, researchers developed the first Gm15441 deficient mouse model 

(Hansmeier et al. 2019). This novel methodology deletes exon one by utilizing the 

clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9-mediated 

genome engineering (Hansmeier et al. 2019). The exon 1 is unique to Gm15441, thus 

ensuring that the gene targeting strategy is Gm15441 specific without disturbing the 

expression of its corresponding overlapping protein-coding Txnip gene (Hansmeier et al. 

2019). The establishment of the Gm15441 deficient mouse model allows future 

investigations on the function of Gm15441 in vivo. 

In 2019, Batista et al. demonstrated that Gm15441 is insulin-sensitive in mouse 

liver and regulates fatty acid oxidation in hepatocytes (Batista et al. 2019). First, using 

RNA-sequencing, they showed that Gm15441 is suppressed by physiological insulin 

action in mouse liver. Gm15441 also responded positively to an overnight fast and 

returned to ad libitum levels after eight hours of refeeding. Gene ontology (GO) analysis 

of the correlated mRNAs indicated an association of Gm15441 expression with lipid 

metabolism pathways. In hepatocytes, knockdown of Gm15441 led to downregulation of 

genes involved in lipid transport (Cd36) and beta-oxidation (Cpt1α and Hadha), and the 

central transcriptional regulator of lipid metabolism peroxisome proliferator-activated 

receptor gamma (PPARγ). Gm15441 knockdown increased intracellular triglyceride 

accumulation and lowered rates of fatty acid oxidation. These changes were not due to 
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differences in fatty acid uptake. Collectively, these findings reveal that Gm15441 is an 

insulin-sensitive lncRNA that contributes to the regulation of fatty acid oxidation in 

hepatocytes. 

In 2020, researchers showed that Gm15441 is a direct target of fasting-responsive 

nuclear receptor peroxisome proliferator-activated receptor α (PPARα) in the mouse liver 

(Brocker et al. 2020). They also demonstrated that Gm15441 inhibited Txnip-mediated 

activation of the NLR family pyrin domain containing 3 (NLRP3) inflammasome, 

subsequent caspase-1 (CASP1) cleavage, and proinflammatory interleukin 1β (IL1B) 

maturation in a Gm15441-null mouse (Brocker et al. 2020). These findings suggest that 

PPARα attenuates hepatic inflammasome activation in response to metabolic stress 

through induction of Gm15441. 

Taken together, studies of Gm15441 are still minimal. According to the published 

information and our RNAseq analysis from the fasted mouse liver, Gm15441 is a 

potential metabolic lncRNA regulator implicated in multiple metabolic organs such as 

skeletal muscle and liver by affecting various pathways of ketogenesis, insulin resistance, 

and fatty acid oxidation. However, its characteristics, functions, and mechanisms are yet 

to be determined. 

 

1.4 The Coding Gene Txnip 

Txnip was first discovered in 1994 as a vitamin D3 target gene in HL-60 leukemia 

cells treated with 1,25-dihydroxyvitamin D3 (Chen and DeLuca 1994). Because of the 

virtue of its strong regulation by vitamin D, it was termed as vitamin D3 upregulated 

protein 1 (VDUP1) (Chen and DeLuca 1994). The Txnip gene is highly conserved across 
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species. According to the NCBI gene database, the mus musculus Txnip gene (Gene ID: 

56338) has eight exons and may be found on chromosome 3 between the coordinates 

96,465,273 and 96,466,173. Txnip is broadly expressed in 26 different mouse tissue 

samples, with the most significant levels seen in the adult subcutaneous fat pad (RPKM 

279,2), adult lung (RPKM 241,9), and adult mammary gland (RPKM 241,9). (PMID 

25409824). The expression and activity are regulated in metabolically essential organs, 

such as the liver, adipose tissues, and skeletal muscle. 

The Txnip gene encodes a thioredoxin-binding protein (Txnip), which belongs to 

the α-arrestin protein family. Alternative splicing results in two validated mRNA 

transcript variants. The transcript variant 1 (NCBI Reference Sequence: 

NM_001009935.2) is 2801 bp in length (CDS: 280-1473), it represents the longer 

transcript and encodes the longer isoform Txnip isoform 1. The transcript variant 2 

(NCBI Reference Sequence: NM_023719.2) is 3bp shorter 2798 bp in length (CDS: 280-

1470), 3bp shorter than the variant 1. Compared to Txnip isoform 1, Txnip isoform 2 

exploits an alternative in-frame splice junction at the 5' end of an exon. The resulting 

isoform 2 has the same N- and C-termini but is 1 amino acid (aa) shorter than isoform 1.  

Both Txnip isoforms have the two conserved domains, including both N-terminal 

and C-terminal Ig-like beta-sandwich domains found in the arrestin family, such as 

human thioredoxin-interacting protein, which allow them to act as an oxidative stress 

mediator by inhibiting thioredoxin activity or by limiting its bioavailability. Txnip 

interacts directly with two cysteine residues at the active catalytic site of reduced 

thioredoxin. The thioredoxin is a thiol-oxidoreductase that is a central regulator of 

cellular redox signaling, which protects cells from oxidative stress. The thioredoxin 
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system is an essential regulator for maintaining a reduced cellular environment involving 

nicotinamide adenine dinucleotide phosphate (NADPH), thioredoxin reductase, and 

Txnip. The interaction between reduced thioredoxin and Txnip through a disulfide 

linkage is essential for their basic protein-protein interaction. Txnip further modulates the 

protein structure of thioredoxin by reorganizing de novo disulfide bond synthesis on 

cysteine, with unique residues at positions 32 and 247, respectively. The interaction 

between Txnip protein and thioredoxin blocks the antioxidative function of thioredoxin, 

resulting in the accumulation of reactive oxygen species (ROS) and cellular stress.  

In addition to the essential redox function, Txnip has been considered a critical 

metabolic regulator in multiple signaling pathways such as apoptosis, glucose and lipid 

metabolism, and inflammation (Cao et al. 2020). The most well-known function of Txnip 

is to induce apoptosis under oxidative stress. Txnip was found to induce β-cell apoptosis 

and reduce insulin production in the pancreas, contributing to the pathogenesis of 

diabetes (Shalev 2014). Txnip also inhibits glucose uptake through thioredoxin-

independent mechanisms such as regulating gene expression and translocation of glucose 

transporter 1 (GLUT1) and glucose transporter 4 (GLUT4) (Wu et al. 2013, Waldhart et 

al. 2017). Inhibition of Txnip has been considered a promising therapeutic strategy for 

diabetes and tested in clinical trials for patients with diabetes (Alhawiti et al. 2017).   

Multiple studies pointed out the critical roles of Txnip in glucose and lipid 

(Chutkow et al. 2008, Hui et al. 2004, Sheth et al. 2005). HcB-19 mice with a 

spontaneous defect in Txnip showed hypoglycemia, hypertriglyceridemia, and increased 

ketone bodies (Hui et al. 2004). Researchers reported reduced glucose and increased 

ketone bodies in another Txnip-deficient mice model (Sheth et al. 2005). Txnip deletion 
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mice displayed fasting hypoglycemia and impaired glucagon responsiveness (Chutkow et 

al. 2010). Txnip mediates in vitro and in vivo gluconeogenesis (Park et al. 2014). Recent 

research found a substantial link between human TXNIP levels and NAFLD severity in 

patients (Guo et al. 2022). Multiple compounds such as salidroside, salvianolic acid A, 

quercetin plus allopurinol, and retinoic acid that alleviate NAFL and NASH may function 

by inhibiting hepatic Txnip expression (Wang et al. 2013, Shimizu et al. 2018, Ding et al. 

2016, Zheng et al. 2018). Whole-body Txnip knockout in mice ameliorates diet-induced 

hepatic steatosis, liver damage, inflammation, and fibrosis (Park et al. 2014). 

The most recent published review described Txnip as a double-edged sword for 

varied functions in the pathophysiology of various diseases (Pan et al. 2022). Txnip can 

be “bad”. It is known that under oxidative stress, Txnip binds to the NLRP3 

inflammasome, which activates an inflammatory immune response (Zhou et al. 2010). 

Although it has many harmful roles, Txnip can also be “good.” It was also shown to 

function as a tumor suppressor by inhibiting the proliferation and migration of cancer 

cells (Chen et al. 2020). 

In summary, Txnip is a well-studied metabolic modulator. It controls multiple 

aspects of energy metabolism by regulating critical processes in the adipose tissue, brain, 

liver, muscle, and pancreatic β-cells (Alhawiti et al. 2017). Studies have shown that 

Txnip is a promising therapeutic target in that Txnip deficiency protects mice from 

developing diabetes and hyperlipidemia. 

 

1.5 Hypothesis and Publication 

Gm15441 is a natural antisense lncRNA to the sense protein-coding gene Txnip. 
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The complementary sequence renders Gm15441 the ability to bind to and regulate Txnip 

expression. Considering that Txnip is a well-studied modulator gene of liver metabolism, 

alterations in Txnip protein may result in alterations in liver metabolism. We also 

identified Gm15441 as the most robustly fasting-induced lncRNA in the mouse liver. 

Therefore, Gm15441 has the potential to modulate liver metabolism. Based on the above 

premise, the overall hypothesis of this work is that the lncRNA Gm15441 regulates its 

correlated gene Txnip expression and modulates liver metabolism. 

By testing this hypothesis, this study was published under the Identification of 

Gm15441, a Txnip antisense lncRNA, as a critical regulator in liver metabolic 

homeostasis in the Cell and Bioscience in 2021 (Xin et al. 2021). Briefly, this study 

identified Gm15441 as the most robust fasting-induced lncRNA in the mouse metabolic 

tissues in a similar pattern to its sense gene Txnip. We also demonstrated that Gm15441 

regulates Txnip protein expression through sequence specificity and protein expression 

inhibition. We further identified that liver-specific overexpression of Gm15441 regulates 

glucose and lipid metabolism in mice. Overall, this study indicates that lncRNA 

Gm15441 is a potent translational inhibitor of Txnip and regulates glucose and lipid 

metabolism in the liver. The strategy of Gm15441 overexpression revealed a potential for 

future Gm15441-based gene therapy to treat liver metabolic diseases.  
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CHAPTER 2 

MATERIALS AND METHODS 

 

2.1 Animal Experiments 

All animal protocols were approved by Temple University Institutional Animal 

Care and Use Committee (IACUC). All mice were purchased from the Jackson 

Laboratory and were acclimatized to the Temple animal housing unit for 10–14 days 

before any experiments.  

For the mouse experiments under fasting and refeeding conditions, 10-week old 

male C57BL/6 mice with free access to water and a normal chow diet were used as the 

control (Ad Libitum) group, mice subjected to a 24-hour fasting period before being 

euthanized for tissue harvest were used as the fasting group, and mice that fasted for 24-

hour followed by a 4-hour normal chow diet feeding before tissue harvest were used as 

the refeeding group.  

For the ob/ob mouse model, 10-week-old ob/ob and lean control mice were 

subjected to a 4-hour food withdrawal before tissue harvest.  

For the Gm15441-L/S liver specific overexpression mouse model, 9-week-old 

male C57BL/6 mice were injected with adenovirus expressing empty vector as control, or 

Gm15441-L, or Gm15441-S, intravenously at 2 × 109 plaque forming units (pfu) per 

mouse. Seven to eleven days post injection, mice were subjected to a 24-hour food 

withdrawal before tissue harvest, then liver and blood samples were harvested for further 

analysis. The timeline for the establishment and experiments for the Gm15441 liver-

specific overexpression mice is shown in the Illustration 4. 
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2.2 Isolation and Culture of Mouse Primary Hepatocytes 

Mouse primary hepatocytes were isolated from 8 to 12 weeks old male C57BL/6 

mice as described previously (Yang et al. 2016). Briefly, immediately after anesthesia 

with Ketamine (100 mg/kg) and Xylazine (10 mg/kg), mice livers were perfused with 

Krebs Ringer buffer and digested using collagenase (Liberase TM Research Grade, 

Roche). Isolated hepatocytes were then purified with Percoll. Only cells with viability 

over 90% determined by trypan blue were seeded onto collagen-coated plates in DMEM 

supplemented with 5.5 mM glucose, 2 mM GlutaMAXTM, and 10% cosmic calf serum. 4 

h after plating, cells were switched to a maintenance medium DMEM supplemented with 

5.5 mM glucose and 2 mM GlutaMAXTM. Details of drug treatment are indicated in each 

experiment as in the figure legend. 

 

2.3 Cell Culture and siRNA Transfection 

The mouse hepatocyte cell line AML12 cells (purchased from ATCC) were 

cultured in a 1:1 mixture of Dulbecco’s modified Eagle’s medium and Ham’s F12 

medium (Invitrogen) with 10% CCS, ITS (Invitrogen), and dexamethasone (40 ng/mL). 

Time (Week)
30

Ad-Vector(Control)
Ad-Gm15441-L
Ad-Gm15441-S
Adenovirus Injection

1

Blood/liver 
Sample collection

Illustration 4: The Timeline of Gm15441 overexpression in mouse liver.
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For siRNA transfection, 60% confluent AML12 cells were cultured with siRNA 

specifically tarting Gm15441 or siLacZ as the control for 48 h using Invitrogen 

RNAiMax transfection reagent. Then RNA and protein were harvested and quantified by 

real-time PCR analysis (Details in 2.5 and 2.6). The control siRNA targeting LacZ: sense 

CUACACAAAUCAGCGAUUU, antisense AAAUCGCUGAUUUGUGUAG; The 

siRNA sequences targeting Gm15441: sense GACGAGAACUUGUCAGAUA, antisense 

UAUCUGACAAGUUCUCGUC. 

 

2.4 Adenoviral Production and Transduction 

Gm15441, Txnip containing both the 5’UTR and CDS, and the constitutively 

active HNF4α were cloned from mouse liver cDNA synthesized in the lab. The following 

primers were used for cloning: Gm15441 (Forward: 5’-GGAGCAAGCCGATAAGCAG, 

Reverse: 3’-ACATTTAAATTTTTTATTTTGGGTGTCTCTGGAGTG), Txnip (5’UTR-

Forward: 5’-GACACTCTCCTCCTCTGGTCTC, Reverse: 3’-

CTGCACGTTGTTGTTGTTGTT), HNF4α (Forward: 5’-

ATGCGACTCTCTAAAACCCTT, Reverse: 3’-

CTAGATGGCTTCTTGCTTGGTGATC). Gm15441, Txnip, HNF4α, YFP (Addgene 

plasmid #15302), constitutively active mouse FOXO1 (Addgene plasmid #17547) were 

subcloned into adenoviral vector pAd/CMV/V5-DEST (Invitrogen). Adenoviruses were 

amplified in HEK293A cells and purified by CsCl density-gradient ultracentrifugation, 

then desalted using PD10 columns (GE Healthcare Life Sciences) and tittered with an 

Adeno-X Rapid Titer Kit (Clontech).  
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For adenoviral transduction experiments in vitro, primary mouse hepatocytes and 

cultured mouse hepatocytes AML12 were transduced with each type of adenovirus at a 

level of 50 multiplicity of infection (MOI) for 2 hours. Then cell samples were collected 

24-hour post transduction. 

 

2.5 RNA Extraction and Quantitative Real-time PCR Analysis 

Total RNA was isolated from mouse liver or primary hepatocytes using Trizol 

reagent (Invitrogen) followed by a Turbo DNA-free DNase treatment (Ambion). cDNA 

was generated using a reverse transcription system (SuperScript® III First-Strand 

Synthesis System, Invitrogen). Quantitative real-time PCR was performed using a real-

time PCR system (Mastercycler; Eppendorf). The relative amount of mRNA in each 

sample was normalized to 18S transcript levels. The sequences for gene-specific RT-PCR 

primers are attached in Table 2. 

 

Table 2: The primer list for real-time PCR analysis. 

5' Forward primer 3' Reverse primer

18s AGTCCCTGCCCTTTGTACACA CGATCCGAGGGCCTCACTA

Acox1 TAACTTCCTCACTCGAAGCCA AGTTCCATGACCCATCTCTGTC

Actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT 

Cpt1α AGATCAATCGGACCCTAGACAC CACTCACGATGTTCTTCGTCTG 

Fgf21 CTGCTGGGGGTCTACCAAG CTGCGCCTACCACTGTTCC

G6pc CGACTCGCTATCTCCAAGTGA GTTGAACCAGTCTCCGACCA 

Gm15441 AGAGTTGTGAGCTGCCGTTT AGGGGAGGTCAGAGTTGGTT

Pck1 CCCAAGGCAACTTAAGGGCTAT CTGAGGTGCCAGGAGCAACT

Pgc1α AGCCGTGACCACTGACAACGAG GCTGCATGGTTCTGAGTGCTAAG

Txnip CATGAGGCCTGGAAACAAAT ACTGGTGCCATTAGGTCAGG

U6 RNA CGCTTCGGCAGCACATATAC TTCACGAATTTGCGTGTCAT
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2.6 Western Blotting 

Mouse liver samples and cells were lysed in RIPA buffer (Cell Signaling 

Technology) containing protease and phosphatase inhibitors (Thermos Scientific). The 

lysates were subjected to SDS-PAGE, transferred to polyvinylidene fluoride (PVDF) 

membranes, and incubated with the primary antibody followed by the fluorescence 

conjugated secondary antibody (LI-COR). The bound antibody was visualized using a 

quantitative fluorescence imaging system (LI-COR). The relative amount of protein in 

each sample was normalized to β-Actin protein levels. Primary antibodies include a 

mouse monoclonal anti-TXNIP antibody, clone JY2 (1:500; MABS1225, Sigma-

Aldrich), and a rabbit monoclonal anti-β-Actin antibody (1:1000; 8457S, Cell Signaling 

Technology). 

 

2.7 RNA in situ Hybridization Assay 

RNA in situ hybridization (ISH) for Gm15441 and Txnip RNA was performed 

manually using a commercially available kit, RNAscope® Fluorescent Multiplex 

Reagent Kit (Advanced Cell Diagnostics, Inc., Hayward, CA), and RNAscope® Oligo 

Probes specific to Gm15441 and Txnip according to the manufacturer’s instructions. 

Briefly, monolayer formalin-fixed Hepa1-6 cell sections were pretreated with protease 

prior to hybridization with the Gm15441 and Txnip oligo probe mixture. Then, a cascade 

of signal amplification molecules was hybridized sequentially, followed by fluorescent 

dye-labeled probes hybridization. Target RNA signals were visualized by confocal 

microscopy. 
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2.8 RNA Pull-down Assay 

 Hepa1-6 cells were seeded at 30–35% to a 10-cm cell culture dish; 24 hours 

later, cells were transduced with adenovirus expressing Txnip and Gm15441-L, 

MOI = 50; 24 h post transfection, cells were washed twice with 1× PBS, then 1 mL lysis 

buffer (25 mM Tris_Cl pH7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 5% 

glycerol), supplemented with protease inhibitors and RNase inhibitors (200 U/mL) was 

added. Cell lysates were then on ice for 30 minutes and centrifuge at 12,000 rpm at 4 °C. 

20 µL of the supernatant were saved as the input sample, 450 µL of the supernatant 

sample were then incubated with 100 pmol of non-specific oligo probe 

(GTTTGTGGTTTAACAGTGGGAAGGC/3BioTEG/) or Gm15441 probe mixture 

(TGAAGTCTTATGTAGCTGGGGCTGA/3BioTEG/, 

CACCAGAGCATTCACCAGAAAGGAC/3BioTEG/) on a tube rotator under moderate 

agitation at RT for 6–8 h. Then, cell lysates were incubated with 100 µL of Streptavidin 

Dynabeads M-270 (Invitrogen) under moderate agitation on the tube rotator at RT 

overnight. Beads were then briefly washed five times with lysis buffer and resuspended 

in 1 ml of TRI reagent. RNAs were isolated using a Direct-zol RNA MiniPrep kit (Zymo) 

and analyzed by RT-PCR. 

 

2.9 Blood and Liver Metabolite Measurements 

After overnight fasting, a small amount of blood was taken from a tail clip from 

mice, and the levels of glucose in the blood were determined by using an Ascensia Elite 

XL glucometer (Bayer Co.). The end-stage blood samples were collected after 24-hour 

fasting by cardiac puncture using heparinized 25 G needles with 1 mL syringes during 
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terminal anesthesia. Plasma samples were obtained by centrifuging blood samples at 

5000×g at 4 °C. Liver triglyceride (TG) content of mice and plasma levels of TG were 

assayed by Triglyceride Determination kit (Sigma, TR0100) for the liver tissue samples 

and plasma samples, respectively, following the manufacturer’s instruction. Plasma β-

hydroxybutyrate (BOH) levels were assayed by β-HB Ketone Body Colorimetric Assay 

Kit (Cayman) for the plasma samples, following the manufacturer’s instruction. 

 

2.10 Microarray Dataset Analysis 

The genome-wide transcriptional profiling (GSE85439) of mouse livers under 24-

hour fasting and ad libitum was used to identify potential lncRNA regulators in liver 

metabolism (Yang et al. 2016). Briefly, isolated RNA samples of liver tissues from mice 

under ad libitum (n = 4), 24-hour fasting (n = 4), and refeeding (n = 4) were subjected to 

RNASeq analysis. Total RNA was isolated from tissue samples using Trizol reagent 

(Invitrogen). For transcriptome profiling, an Agilent array platform was used (8 × 60K, 

ArrayStar), and sample preparation and microarray hybridization were performed based 

on the manufacturer’s standard protocols with minor modifications (ArrayStar, Rockville, 

MD). Briefly, mRNA was purified from 1 μg total RNA after the removal of rRNA 

(mRNA-ONLYTM Eukaryotic mRNA Isolation Kit, Epicentre). Each sample was 

amplified and transcribed into fluorescent cRNA along the entire length of the transcript 

without 3’ bias utilizing a random priming method. The labeled cRNAs were hybridized 

onto the Mouse LncRNA Array V2.0 (8 × 60K, ArrayStar). After slides were washed, the 

arrays were scanned by the Agilent Scanner G2505B. Agilent Feature Extraction 

software (version 10.7.3.1) was used to analyze acquired array images. Quantile 
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normalization and subsequent data processing were performed using the GeneSpring GX 

v11.5.1 software package (Agilent Technologies). Since our understanding of the 

lncRNAs has evolved very quickly in recent years, we used the NONCODE 2016 mouse 

database (http://www.noncode.org/) to re-annotate all of the lncRNA probes on the 

microarray platform. By cross-referencing with the latest NONCODE database, we found 

our microarray platform could detect a total of 18431 non-redundant lncRNAs, which 

were used for downstream analysis.  

Targets with at least 4 out of 12 samples having flags in Present or Marginal were 

chosen for further analyses for the initial 12 fasting and refeeding liver samples. For the 

entire sample set, normalization was performed across the 106 samples. We used a cutoff 

of normalized array values (log2-transformed values) >=7.64 to filter out the very low- or 

non-expressing targets for subsequent analyses of all array datasets. We performed 

Student’s t-test to identify differentially expressed transcripts with p<0.05 and fold 

change >=2. The normalized intensities of the differentially expressed genes calculated 

by one-way ANOVA in the initial 12 liver samples were used for principal component 

analysis (PCA) and hierarchical clustering by R packages. 

 

2.11 Expression Correlation and Gene Ontology Analysis  

The Expression correlation analysis was performed to predict the function of 

Txnip and Gm15441 in the liver metabolism using liver samples (n = 37) from the same 

datasets (GSE85439). Briefly, gene expression profiles of liver tissues from mice under 

ad libitum (n = 4), 24-h fasting (n = 4), refeeding (n = 4), normal diet (n = 5), 48-h high-

fat diet (n = 5), 12-week high-fat diet (n = 5), and lean control mice (n = 5), as well as 
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ob/ob mice (n = 5), were subjected to correlation analysis. We evaluated the co-

expression of Gm15441 or Txnip with all detectable mRNAs in the 37 liver samples. The 

correlation coefficients of Gm15441 with mRNAs or Txnip with mRNAs were made by 

R packages based on the Pearson correlation method.  

The mRNAs that showed correlation coefficients > 0.7 (positive) or < 0.7 

(negative) were used to perform the gene ontology analysis (GO analysis) separately. GO 

analyses were performed by DAVID Bioinformatics Resources 6.7 

(https://david.ncifcrf.gov) (p < 0.05), following the website’s instruction. 

 

2.12 Statistical Analysis 

A two-tailed unpaired Student's t-test was used to evaluate group comparisons and 

the difference between slopes. A one-way analysis of variance (ANOVA) followed by 

the Bonferroni or Dunnett post-hoc test was used to determine the statistical significance 

of multiple comparisons. Graphs are presented as means ± SEM. Statistical significance 

was determined by p < 0.05. 
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CHAPTER 3 

REGULATION OF GM15441 AND TXNIP BY METABOLIC SIGNALS  

 

This chapter is dedicated to evaluating the potential relevance of Gm15441 in 

liver metabolism. Briefly, two crucial scientific questions are addressed here. First, we 

investigated whether Gm15441 can be regulated by energy metabolic stimuli in the 

mouse liver and mouse primary hepatocytes. Secondly, we explored the correlation 

between the expressions of the antisense-sense gene pair, Gm15441 and Txnip, when 

introducing metabolic signals. 

 

3.1 Rationale 

Metabolic homeostasis is a biological process essential to life. It involves the 

coordinated homeostatic regulation of energy intake and energy expenditure. Dietary 

nutrients are metabolized to ATP to function in the basic biologic activities of cells and 

organs, with the expelling of the waste in the form of carbon dioxide and water. Multiple 

organ systems regulate energy metabolic homeostasis in concert.  

Most importantly, the liver serves a crucial role in maintaining energy balance by 

metabolizing nutrients. In brief, glucose is converted to pyruvate by glycolysis in the 

cytoplasm, and pyruvate is oxidized to produce ATP in the mitochondria via the TCA 

cycle and oxidative phosphorylation. During the fed state, glucose is stored as glycogen 

in the liver. Moreover, the product of glucose metabolite, acetyl-CoA, is used for de novo 

synthesis of fatty acids or cholesterol. The Fatty acids are esterified with glycerol to 

produce triglycerides, then assembled into very low density lipoprotein (VLDL) for 
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transport to adipocytes for storage and other tissues for energy generation. Cholesterol is 

catabolized into bile acids, which solubilize dietary lipids promoting their absorption. In 

the fasting condition, the liver secretes glucose through glycogenolysis and 

gluconeogenesis. Muscles and other tissues uptake the hepatic glucose for energy 

generation. Fasting also stimulates lipolysis in adipose tissue to release non-esterified 

fatty acids, which are then transformed into ketone bodies in the liver by mitochondrial 

fatty acid oxidation and ketogenesis. Extrahepatic tissues such as the brain and the 

skeletal muscle employ ketone bodies for energy production. Under prolonged fasting, 

muscle proteins are decomposed into amino acids, which are then transferred to the liver 

for gluconeogenesis and glucose manufacture (Rui 2014).  

The metabolic activity of the liver is tightly controlled by metabolic hormones, 

transcription factors, and nuclear receptors. For example, insulin induces glycolysis and 

lipogenesis while inhibiting gluconeogenesis; glucagon opposes the effect of insulin. 

Numerous transcription factors regulate the expression of enzymes that catalyze liver 

metabolic processes, hence regulating liver metabolism (Rui 2014). For example, during 

fasting, forkhead box O1 (FOXO1) is a crucial transcription factor that activates 

gluconeogenesis and suppresses lipogenesis (Gross, van den Heuvel and Birnbaum 2008, 

Cheng and White 2011). Moreover, hepatocyte nuclear factor-4α (HNF4α) is a master 

transcription factor for liver gene expression and regulates gluconeogenesis (Hayhurst et 

al. 2001, Lu 2016). Peroxisome proliferator-activated receptor-α (PPARα) is a fasting-

induced nuclear receptor, and the farnesoid X receptor (FXR) is a fed-induced nuclear 

receptor. PPARα promotes FXR and suppresses fatty acid oxidation and gluconeogenesis 

in the liver (Evans, Barish and Wang 2004, Ma et al. 2006). 
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Any abnormalities in the energy metabolic functions of the liver may be 

disastrous since no other organ is capable of compensating for all of these essential 

activities, resulting in T2DM and NAFLD (Rui 2014). Consequently, it is essential to 

understand the regulation of liver metabolism better.  

Many LncRNAs have been implicated in the multiple aspects of liver metabolism, 

such as glucose metabolism and lipid metabolism. However, the majority of their 

functional roles are yet to be determined. Hence, identifying and characterizing 

metabolically-relevant lncRNAs in the liver would considerably improve our 

understanding of liver metabolism, reveal novel underlying mechanisms that contribute 

to the regulation of liver energy metabolic homeostasis, and enhance our current 

knowledge of the understudied lncRNA category. 

 

3.2 Results 

3.2.1 Regulation of Gm15441 and Txnip Expression in Mouse Liver 

As described in Chapter 1 Introduction, according to the recent genome-wide 

transcriptional profile of 24-h fasted mouse livers, the lncRNA Gm15441 is the most 

significantly fasting-induced lncRNA in the mouse liver. Therefore, Gm15441 was 

selected as the candidate as a putative regulator in liver metabolism. Gm15441 is a 

validated lncRNA in the NCBI database and is a natural antisense lncRNA to a protein-

coding gene, Txnip. Consistent with the finding from RNAseq data analysis, we found 

that the expression of Gm15441 was dramatically elevated in mouse livers after 24 hours 

of fasting and returned to normal levels after the mice were fed again (Figure 1A). In 

addition, we observed that the mRNA and protein expression levels of Txnip were  
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Figure 1: Expression patterns of Gm15441 and Txnip are similar in mouse livers

under fast and refeed. (A-B) Quantitative real-time PCR analysis of Gm15441 RNA

expression (A) and Txnip mRNA expression (B), respectively, in liver tissues from

C57BL/6 wildtype mice fed ad libitum as control, subject to a 24-h fast, or a 24-h fast

followed by a 4-h refeed, n=4; (C) Western blot analysis of Txnip protein expression in

liver tissues from C57BL/6 wildtype mice fed ad libitum as control, subject to a 24-h

fast, or a 24-h fast followed by a 4-h refeed. The quantitation of Txnip protein relative to

the house keeping gene β-actin is shown in the right panel, n=3. Error bars are SEM,

*P<0.05 (Fast versus Ad Libitum), #P<0.05 (Refeed versus Fast).
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significantly increased under fasting conditions and decreased under refeeding settings 

(Figure 1B and 1C). These data indicate that the expression of Gm15441 and Txnip, the 

sense-antisense gene pair, in the livers of mice responds similarly to dietary interventions. 

It has been shown that Txnip contributes to insulin resistance in type 2 diabetics. 

In addition, prior research revealed that Gm15441 is expressed at a higher level in the 

skeletal muscle of ob/ob mice, the mouse model of insulin resistance. Therefore, both  

Gm15441 and Txnip expressions may also be regulated in the liver of ob/ob mice. In this 

investigation, we found that the levels of RNA expression for Gm15441 and Txnip in the 

livers of ob/ob mice were considerably more significant than in the livers of lean control 

mice (Figures 2A and 2B). At the protein level, evidence of enhanced Txnip protein 

expression was observed (Figure 2C). These results reveal a possible relationship 

between Gm15441 and insulin resistance in T2DM. These observations suggested that 

the Gm15441 and Txnip expression patterns exhibited a similar response pattern to in 

vivo metabolic stimuli. 

3.2.2 Regulation of Gm15441 and Txnip Expression in Other Mouse Tissues 

Next, we interrogated whether this regulation pattern is unique to the liver or 

shared with the other tissues. The expression of Gm15441 and Txnip in 6 distinct 

metabolically essential tissues of wild-type mice during ad libitum feeding, 24-hour 

fasting, and 24-hour fasting followed by 4-hours of refeeding was examined. These 

tissues include inguinal white adipose tissue (iWAT), epididymal white adipose tissue 

(eWAT), kidney, intestine, gastrocnemius muscle, and liver. Nutrition deprivation by 

fasting led to a rise in Gm15441 and Txnip in all tissues, while reintroducing nutrients by 

feeding decreased these levels (Figure 3A-F). These data provide more evidence that  
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Control ob/ob

Txnip
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β-Actin
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Figure 2: Expression patterns of Gm15441 and Txnip are similar in ob/ob mouse

livers. (A-B) Quantitative real-time PCR analysis of Gm15441 RNA expression (A) and

Txnip mRNA expression (B), respectively, in liver tissues from ob/ob mice and their lean

control mice subject to a 4-h food withdrawal, n=4; (C) Western blot analysis of Txnip

protein in liver tissues from ob/ob mice and their lean control mice subject to a 4-h food

withdrawal. Quantitation of relative Txnip protein expression normalized to control is

shown in the right panel, n=4; Error bars are SEM, *P<0.05 (ob/ob versus Control).
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A B

Figure 3: Expression patterns of Gm15441 and Txnip are similar in multiple mouse

tissues. Quantitative real-time PCR analysis of inguinal white adipose tissue (iWAT) (A),

epididymal white adipose tissue (eWAT) (B), kidney (C), intestine (D), muscle (E), and liver

(F). Each tissue sample was pooled from mice (n=3) under each condition, including fed ad

libitum, subject to a 24-h fast, or a 24-h fast followed by a 4-h refeed; 3 technical replicates

were used in each experiment. Error bars are SEM, *P<0.05 (Fast versus Ad Libitum),

#P<0.05 (Refeed versus Fast).
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Gm15441 is a metabolically-relevant lncRNA that responds dramatically to energy 

change. Notably, Gm15441 increased much more significantly in the liver in response to 

fasting than in other tissues (Figure 3F). These data highlight that the liver might be the 

important functional site for Gm15441 and future supports for the involvement of 

Gm15441 in the regulation of energy metabolism in the liver. 

3.2.3 Regulation of Gm15441 and Txnip Expression in Hepatocytes 

After studying Gm15441 and Txnip in vivo energy metabolic conditions such as 

fasting and refeeding, we next determined how they respond to nutrients, essential 

hormonal factors, and key transcription factors in vitro, especially primary hepatocytes. 

This investigation can initially link the candidate lncRNA Gm15441 to specific metabolic 

signaling pathways and generate a more specific hypothesis to test their functions in vivo. 

In Figure 4A-B, the stimulation of the fasting-dominant hormone glucagon in 

vitro did not affect the expressions of both Gm15441 and Txnip. However, we reported in 

Figure 1A-B that Gm15441 and Txnip were induced in fasting conditions in mice livers. 

This may indicate that the Gm15441 and Txnip are not involved in the glucagon 

signaling pathway during fasting but play their roles through other mechanisms. Also, in 

Figure 4A-B, we showed that the fed-dominant hormone, insulin, significantly inhibited 

the expression of both Gm15441 and Txnip. This result is consistent with the in vivo 

findings that the expression levels of both genes are reduced in mice livers after 

refeeding. In addition, this result also suggests a potential involvement of Gm15441 in 

insulin signaling pathways, which is critical for glucose metabolism. 

In addition, we investigated whether Gm15441 and Txnip are regulated by master 

transcription factors activated in response to nutritional changes. FOXO1 is a crucial  
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A B

Figure 4: Expression patterns of Gm15441 and Txnip are similar upon metabolic

signal stimulation in vitro. (A-B) Quantitative real-time PCR analysis of Gm15441

RNA expression (A) and Txnip mRNA expression (B), respectively, in mouse primary

hepatocytes treated with 100 nM insulin for 24 h or 200 nM glucagon for 6 h; (C-D)

Quantitative real-time PCR analysis of Gm15441 RNA expression (C) and Txnip mRNA

expression (D), respectively, in mouse primary hepatocytes transduced with adenovirus

expressing YFP, FOXO1, or HNF4α for 24 h, MOI=50; Error bars are SEM, n=3,

*P<0.05.
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transcription factor fasting-induced that promotes gluconeogenesis while inhibiting 

lipogenesis (Gross et al. 2008, Cheng and White 2011). We found that both Gm15441 

and Txnip were significantly upregulated by FOXO1 (Figures 4C and 4D). Intriguingly,  

FOXO1 is a well-known downstream target of insulin and can be inactivated by insulin. 

Therefore, insulin's reduction of Gm15441 and Txnip expression and the induction of 

Gm15441 and Txnip expression by FOXO1 is consistent.  

Interestingly, the ChIP-sequencing data retrieved from the Gene Transcription 

Regulation Database (GTRD) revealed that multiple FOXO1 binding sites are located 

within the promoters and gene bodies of Gm15441 (Figure 5). These findings suggest the 

potential involvement of Gm154441 and Txnip in the insulin-FOXO1 signaling pathway 

in the liver glucose metabolism. 

  

In addition, HNF4α is a master transcription factor regulating liver gene expression 

and regulates gluconeogenesis during fasting (Hayhurst et al. 2001, Lu 2016). We found 

that both Gm15441 and Txnip were unaffected by HNF4α stimulation (Figures 4C and 

4D).  

Figure 5: Binding sites of the transcription factor FOXO1 on Gm15441. Multiple 

binding sites of FOXO1 located on the gene bodies of Gm15441. Data are retrieved from 

the Gene Transcription Regulation Database.
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These results indicate that Gm154441 and Txnip are highly likely involved in 

regulating the glucose and lipid metabolism in the liver. Moreover, both genes share 

similar responses trend to transcription factors. 

In addition, we examined whether Gm15441 and Txnip are responsive to crucial 

nutrient-sensing nuclear receptors in the liver. PPARα is a fasting-induced nuclear 

receptor, and FXR is a feeding-induced nuclear receptor. PPAR increases fatty acid 

oxidation and gluconeogenesis in the liver, while FXR suppresses both (Evans et al. 

2004, Ma et al. 2006). In vitro treatment of mouse primary hepatocytes with the PPAR 

agonists WY14643 (WY) and GW7647 significantly increased the RNA expression 

levels of Gm15441 and Txnip. In contrast, treatment with the FXR agonist GW4064 

suppressed their expression (Figures 6A and B). Likewise, PPAR agonist upregulated 

Txnip protein levels, but FXR agonist downregulated Txnip protein levels (Figure 6C and 

D). The regulation of Gm15441 and Txnip expression by PPARα and FXR is consistent 

with their induction in the fasting mice livers and suppression in refed livers.  

Interestingly, the analysis of the ChIP-sequencing data retrieved from the Gene 

Transcription Regulation Database (GTRD) revealed many PPARα binding sites within 

the promoters and gene bodies of Gm15441 and Txnip (Figure 7), which suggests a 

potential binding between PPARα and Gm15441 or Txnip. 

Altogether, these data suggest that PPARα is likely responsible for stimulating 

gene expression during the fasting state. At the same time, insulin-FOXO1 and FXR are 

likely responsible for the repression of gene expression during the fed state. The same 

expression pattern of Gm15441 and Txnip in response to in vivo and in vitro metabolic 

cues suggests the potential of a functional relationship between both genes. 
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Figure 6: Expression patterns of Gm15441 and Txnip are similar upon metabolic

signal stimulation in vitro. (A-B) Quantitative real-time PCR analysis of Gm15441

RNA expression (A) and Txnip mRNA expression (B), respectively, in mouse primary

hepatocytes treated with 0.1% DMSO (vehicle), 100 µM WY, 20 µM GW7647, or 10

µM GW4064 for 24 h; (C) Western blot analysis of mouse primary hepatocytes treated

with 0.1% DMSO (vehicle), 100 µM WY, 20 µM GW7647, or 10 µM GW4064 for 24 h.

Quantitation is shown in the lower panel. Error bars are SEM, n=3, *P<0.05.
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3.3 Discussion 

In this chapter, our study revealed the high relevance of Gm15441 in liver 

metabolism and a similar response pattern as Txnip by evaluating the regulation of 

Gm15441 and Txnip by metabolic signals. Data described in 2.2 Results revealed that 

both Gm15441 and Txnip expressions increased upon fasting and decreased by refeeding 

in multiple metabolic essential organs, most significantly in the mice liver. Similar 

patterns are found in primary hepatocytes when stimulated with various hormones 

insulin, transcription factors FOXO1, and nuclear factors PPARα and FXR, all of which 

are critical glucose and lipid metabolism players in response to fasting refeeding. We also 

found increased expression of Gm15441 and Txnip in the insulin-resistant diabetic mouse 

model, the ob/ob mice. Taken together, this chapter indicates that Gm15441 is involved 

in liver metabolism and displays a positive correlation with Txnip expression. This study 

suggests the potential of a functional relationship between both genes in regulating liver 

metabolism. 

Figure 7: Binding sites of the nuclar receptor PPARα on the promoter region of 

Gm15441. Multiple binding sites of PPARα located on the promoter and/or the gene 

bodies of Gm15441 and Txnip. Data are retrieved from the Gene Transcription Regulation 

Database.
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As shown in Figure 3A-E, Gm15441 is also expressed and dynamically regulated 

by energy availability in adipose tissue, kidney, intestine, and skeletal muscle. These data 

suggest that Gm15441 might play essential roles in other metabolic organs besides the 

liver. For example, the very first research work involved Gm15441 suggested the 

potential of Gm15441 for regulating insulin resistance in mouse skeletal muscle (Zhang 

et al. 2018). Thus, future studies on the functional role and mechanism of Gm15441 in 

other tissues are required to understand the importance of Gm15441 in energy 

metabolism fully.  

In Figure 4A-D, the data showed that both Txnip and Gm15441 could be 

regulated by various metabolic signals and transcription factors such as FOXO1. The 

regulations of Txnip by certain factors such as FOXO1 are already known. Since these 

experiments aimed to determine how Gm15441 responded to metabolic factors and 

explore the strange relationship between Gm15441 and Txnip, it is necessary to check 

both gene expressions simultaneously. Moreover, these data revealed a close relationship 

between Txnip and Gm15441 expression and provided novel findings beyond the known 

facts. For example, current literature has reported that Txnip is a downstream target of 

FOXO1 (Kibbe et al. 2013); however, whether FOXO1 regulates Gm15441 has never 

been reported. This study is the first to report that the Gm15441 is a downstream target of 

FOXO1.  

The expression of Gm15441 and Txnip remained unaffected under the treatment 

of the fasting-dominant hormone glucagon, as shown in Figure 3A-B. Thus, the 

observation that Gm15441 and Txnip were induced in fasting conditions in mice livers 

may be due to other mechanisms instead of the glucagon signaling pathway. Later in 



 44  

Figure 4A-B, the fasting-induced nuclear receptor PPARα can upregulate Gm15441 and 

Txnip significantly. These data suggest that PPARα is likely responsible for inducing 

both gene expressions in the fasting state. Following the PPARα pathway, Gm15441 is 

likely to play a role in glucose and lipid metabolism. 

In Figures 3 and 4, we reported the regulation of Gm15441 and Txnip expression 

by insulin, FOXO1, PPARα, and FXR. We also found substantial FOXO1 and PPARα 

binding sites within the promoters and gene bodies of Gm15441 (Figures 5 and 7). 

Further investigation is needed to reveal the underlying mechanism of these regulations. 

Recently, another group indicated that PPARα induces Gm15441 expression by directly 

binding to the promoter region of Gm15441 (Brocker et al. 2020). However, it remains 

unclear whether FOXO1 inhibits Gm15441 expression through binding to the sites on 

Gm15441. Unraveling the complexity of these regulatory mechanisms may provide new 

directions for the roles of Txnip and Gm15441. This could be a fascinating future 

direction for later studies since we mainly focused on the roles of Gm15441 in regulating 

Txnip protein expression and in liver metabolism in this study.  
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CHAPTER 4 

GM15441 IS A TRANSLATIONAL INHIBITOR OF TXNIP 

 

This chapter elucidates the regulatory link between the antisense lncRNA 

Gm15441 and its sense coding gene Txnip and the underlying mechanisms. From both 

loss- and gain-of-function studies of Gm15441, we demonstrated that Txnip protein 

levels were suppressed by Gm15441 via its sequence 267-709 nt overlapping with the 

Txnip 5’end. Furthermore, we provided direct evidence that Gm15441 binds to Txnip at 

the RNA level and suppresses Txnip translation. 

 

4.1 Rationale 

The previous chapter showed that the lncRNA Gm15441 responds to a variety of 

energy in vivo and in vitro metabolic cues similar to protein-coding gene Txnip. The 

expressional correlation of both genes suggests the possibility of a functional correlation 

between the genes.  

Gm15441 is a natural antisense lncRNA to the Txnip gene. There is a direct 

overlap between two exons of Gm15441 and the exon region of the Txnip gene. 

Therefore, the antisense lncRNA Gm15441 may bind to Txnip RNA through 

complementary sequences. Evidence showed that by complementary binding to the sense 

transcript and hybridizing to generate RNA duplexes, the antisense transcript often 

contributes to the post-transcriptional regulation of the sense transcript. This RNA-RNA 

interaction may result in different post-transcriptional outcomes, such as altering mRNA 

structure or cellular compartmentalization, promoting the destruction of the transcript, 
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and affecting the translation process (Villegas and Zaphiropoulos 2015). For instance, a 

previous study has identified a nuclear-enriched lncRNA antisense to Uchl1, a gene 

involved in brain function and neurodegenerative diseases. Antisense Uchl1 increases 

Uchl1 protein synthesis by associating Uchl1 to active polysomes for translation (Carrieri 

et al. 2012). Furthermore, BACE1‑AS, a natural antisense lncRNA for β‑secretase‑1 

(BACE1), was reported to form RNA duplexes and increase the stability of BACE1 

mRNA (Liu et al. 2014). Therefore, the antisense lncRNA Gm15441 may bind Txnip 

RNA and affect Txnip expression in a post-transcriptional manner. 

 

4.2 Results 

4.2.1 Gm15441 Is Predicted with Opposing Functions to Txnip  

It has been reported that several antisense lncRNAs regulate the expression of 

their sense gene counterparts (Villegas and Zaphiropoulos 2015). The antisense lncRNA 

Gm15441 responds to metabolic signals similar to its sense gene Txnip. The expressional 

association between Gm15441 and Txnip suggests the possibility of a functional 

correlation. Gm15441 may function as either a booster or inhibitor of Txnip expression. 

To test this, we first predicted the functions of Txnip and Gm15441 using a bioinformatic 

approach. It is a generally acknowledged method to predict gene function by performing 

gene ontology analysis of its highly correlated genes. Thus, to predict the metabolic 

function of Txnip and Gm15441 in the liver, we performed gene ontology analysis of 

Txnip and Gm15441 correlated genes using gene expression profiles from the GEO 

dataset GSE85439 (Yang et al. 2016). The mRNAs highly correlated with Txnip and 

Gm15441 were identified and then subject to gene ontology (GO) analysis. The GO  
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B

A

Figure 8: The Function prediction of Txnip and Gm15441 in mouse liver. (A-B) 

Genome-wide correlation analysis of Txnip and Gm15441. Representative Gene Ontology 

(GO) terms of correlated mRNAs for Txnip (A) and Gm15441 (B) in the liver are listed.
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analysis of mRNAs strongly associated with Txnip suggested that these mRNAs are 

engaged in gluconeogenesis and triglyceride production (Figure 8A, the previous page). 

This prediction is consistent with the known roles of Txnip in the liver.  

Therefore, we reasoned that the GO analysis of mRNAs highly correlated with 

Gm15441 is reliable in predicting the function of Gm15441 in the liver. Intriguingly, the 

findings of the GO analysis imply that Gm15441 and Txnip may perform opposing 

functions in the liver (Figures 8A and B). Txnip, for instance, was favorably connected 

with triglyceride production, but Gm15441 was adversely correlated (Figure 8B). These 

findings imply that the expression of Gm15441 may follow the changes of Txnip 

expression under metabolic stimuli to suppress Txnip. 

4.2.2 Gm15441-L Inhibits Exogenous Txnip Protein Expression 

To further investigate whether Gm15441 is an inhibitor of Txnip expression, we 

cloned Gm15441 using mouse liver cDNA. We found two Gm15441 isoforms, a 

relatively long (Gm15441-L) isoform and a short (Gm15441-S) isoform. As shown in 

Illustration 5 (next page), the sequence alignment of two Gm15441 isoforms to the Txnip 

mRNA, indicates that the Gm15441-L isoform has an overlapping region with the Txnip 

5’end, which includes the 5’UTR and part of the first exon, whereas the Gm15441-S 

isoform does not. The eukaryotic 5’UTR is critical for ribosome recruitment to the 

mRNA and start codon choice to control translation efficiency (Hinnebusch, Ivanov and 

Sonenberg 2016). Thus, we reasoned that the Gm15441-L isoform, which contains an 

overlapping region with the Txnip 5’end, would be able to regulate Txnip translation, 

while the Gm15441-S isoform cannot for the lack of the special sequence. To determine 
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whether Gm15441-L regulates Txnip expression, we then cloned Txnip containing both 

5’UTR and CDS from mouse liver cDNA.  

We then investigated whether Gm15441-L regulates Txnip expression. As shown 

in Figure 9A, the ∆Ct values of Gm15441 are about 1.5 Ct less than Txnip in Gm15441-L 

and Txnip co-overexpression mouse primary hepatocytes, suggesting that the expression 

level of Gm15441 RNA is around 3-fold (2^1.5 Ct) higher than Txnip mRNA. We also 

found that the Gm15441-L co-overexpression with Txnip dramatically reduced Txnip 

protein but not its RNA levels (Figure 9A-C). Moreover, we found that Gm15441 

knockdown showed a trend to counteract the Txnip protein reduction and restore levels 

without interfering with Txnip RNA expression (Figure 10A-C).  

Txnip

Gm15441-L

Coding Sequence (CDS)5’UTR

Gm15441-S 

267709

1 279

443
104 11673

1267864

1473

1076
948 1110

Illustration 5: Sequence alignment of Txnip, Gm15441 long isoform (Gm15441-L), 

and Gm15441 short isoform (Gm15441-S). Gm15441-L and Gm15441-S share a 

common sequence (grey boxes) complimentary to Txnip CDS. Besides, Gm15441-L has a 

unique sequence (green box) complimentary to the Txnip 5'end. Common sequences are 

labelled with the same color.
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(The figure legend is in the next page) 
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Figure 9: Overexpression of Gm15441 reduces exogeneous Txnip protein levels in vitro.

(A) Comparison of ∆Ct values between Gm15441 and Txnip (normalized to the

housekeeping gene 18S) from quantitative real-time PCR analysis of mouse primary

hepatocytes transduced with Gm15441-L or Txnip adenovirus for 24 h, MOI=50; (B-C)

Quantitative real-time PCR analysis of Gm15441 (B) and Txnip (C) in mouse primary

hepatocytes transduced with adenovirus expressing YFP + empty vector as control, YFP +

Gm15441-L (YFP is not shown), Txnip + empty vector (empty vector is not shown), or

Txnip + Gm15441-L, for 24 h, MOI=50; (D) Western blot analysis of Txnip protein

expression in mouse primary hepatocytes with the same adenoviral transduction as (B-C);

The quantitation of Txnip protein relative to the house keeping gene β-actin from (D) is

shown in the lower panel. Error bars are SEM, n=3, *P<0.05. N.S., not significant.
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Figure 10: Knockdown of Gm15441 restores the Txnip protein reduction in vitro.

(A-C) Quantitative real-time PCR analysis of Gm15441 RNA expression (A) (n=3),

Txnip mRNA expression (B) (n=3), and western blot analysis of Txnip protein

expression (C) (n=2) in mouse hepatocytes AML12 transduced with adenovirus

expressing Txnip + control empty vector + control siRNA (siLacZ), Txnip +

Gm15441-L + siLacZ, or Txnip + Gm15441-L + Gm15441-targeted siRNA

(siGm15441), for 48 h, MOI=50. The quantitation of Txnip protein relative to the

house keeping gene β-actin from (C) is shown in the right panel. Error bars are SEM,

*P<0.05.
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4.2.3 Gm15441-L Inhibits Endogenous Txnip Protein Expression 

Next, we investigated whether Gm15441 regulates endogenous Txnip. We found 

that Gm15441-L overexpression does not affect Txnip RNA levels in mouse hepatocytes 

AML12, but dramatically decrease endogenous Txnip protein levels (Figure 11A-C). We 

also found that siRNA knockdown of Gm15441 does not affect Txnip RNA levels in 

mouse hepatocytes AML12, but show a trend to dramatically increase endogenous Txnip 

protein (Figure 12A-C). Consistently, these results together suggest that Gm15441-L 

inhibits Txnip protein expression. Our data also imply that this inhibition is neither 

through transcriptional regulation nor affecting mRNA stability, but potentially through 

translational regulation. 

4.2.4 Gm15441-L Inhibits Txnip Protein Expression in A Sequence-Specific 

Manner in Hepatocytes 

Next, we aimed to determine whether Gm15441-L regulates Txnip expression 

through its sequence overlapping with the Txnip 5’end. Compared to Gm15441-L, 

Gm15441-S lacks the sequence overlapping with the Txnip 5’end. Therefore, Gm15441-

S could serve as a natural negative control for investigating the sequence specificity. We 

found that Gm15441-S could not reduce Txnip protein levels (Figures 13A and B). This 

result suggests that the sequence in Gm1544-L overlapping with the Txnip 5’end is 

necessary for Gm15441-L to inhibit Txnip protein expression. 

To further confirm this, the 267-709 nt fragment of Gm1544-L, which overlaps 

with the Txnip 5’end, was subcloned. As shown in Figures 14A and B, Txnip protein 

expression was reduced to a similar level when Txnip was co-overexpressed with 

Gm15441-L or Gm15441-L 267-709 nt. Next, we divided Gm15441-L 267-709 nt into  
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Figure 11: Overexpression of Gm15441 reduces endogenous Txnip protein levels

in vitro. (A-C) Quantitative real-time PCR analysis of Gm15441 RNA expression (A),

Txnip mRNA expression (B), and western blot analysis of Txnip protein expression

(C) in mouse hepatocytes AML12 transduced with adenovirus expressing empty vector

as control or Gm15441-L, for 24 h, MOI=50. The quantitation of Txnip protein

relative to the house keeping gene β-actin from (C) is shown in the right panel; Error

bars are SEM, n=3, *P<0.05.

B

C

*

*
55 kDa

45 kDa



 55  
 

Txnip

siLacZ

β-actin

siGm15441

A

Figure 12: Knockdown of Gm15441 induces endogenous Txnip protein levels in

vitro. (A-C) Quantitative real-time PCR analysis of Gm15441 RNA expression (A)

(n=3), Txnip mRNA expression (B) (n=3), and western blot analysis of Txnip protein

expression (C) (n=2), in mouse hepatocytes AML12 transfected with siLacZ as control

and Gm15441-targeted siRNA (siGm15441), for 48 h. The quantitation of Txnip

protein relative to the house keeping gene β-actin from (C) is shown in the right panel.

Error bars are SEM, *P<0.05.

B

C

*

55 kDa

45 kDa



 56  

 

A

β-Actin

Figure 13: Gm15441-L, but not Gm15441-S suppresses Txnip protein expression.

(A-B) Western blot analysis of Txnip protein expression in mouse primary hepatocytes

transduced with adenovirus expressing YFP + empty vector (Control), Txnip + empty

vector (empty vector is not shown), YFP + Gm15441-L (YFP is not shown), Txnip +

Gm15441-L, or Txnip + Gm15441-S, for 24 h, MOI=50. (B) The quantitation of Txnip

protein relative to the house keeping gene β-actin from (A). Error bars are SEM, n=2.
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Figure 14: Gm15441 suppresses Txnip protein expression through sequence

specificity. (A-B) Western blot analysis of Hepa1-6 hepatocytes transduced with

adenovirus expressing YFP + empty vector (Control), Txnip + empty vector (empty

vector is not shown), or Txnip + full length of Gm15441-L or one fragment of Gm15441-

L (267-709 nt, 267-430 nt, 431-709 nt), for 24 h, MOI=50. (B) The quantitation of Txnip

protein relative to the house keeping gene β-actin from (A). Error bars are SEM, n=2.
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two pieces: Gm15441-L 431-709 nt, which is complementary to the entire 5’UTR of 

Txnip, and Gm15441-L 267-430 nt, which is complementary to part of the first exon of 

Txnip. We found that both Gm15441-L 267-430 nt and Gm15441-L 431-709 nt show 

similar effects on suppressing Txnip protein expression (Figures 14A and B). These 

results support the sequence specificity of Gm15441-L 267–709 nt in the suppression of 

Txnip protein expression. 

4.2.5 Gm15441-L Directly Binds to Txnip at the RNA Level 

Next, we investigated whether Gm15441-L inhibits Txnip protein expression 

through translational regulation. We performed fluorescence in situ hybridization (FISH) 

to detect the localization of Gm15441-L and Txnip RNAs. As shown in Figure 15, 

DAPI Gm15441 Txnip Merge
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Figure 15: Gm15441 RNA and Txnip RNA are colocalized. Representative fluoresces

of RNA in situ hybridization staining of DAPI (Blue), Gm15441 RNA (green) and Txnip

RNA (red) in Hepa1-6 hepatocytes transduced with adenovirus expressing empty vector

as control, or Txnip + Gm15441-L for 24 h, MOI=50. All scale bars represent 5 µm.
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Gm15441-L RNAs are co-localized with Txnip RNAs. The colocalization between 

Gm15441 and Txnip RNAs suggests a potential interaction. 

In addition to the previous indirect evidence from the confocal and truncation 

experiments, we performed additional experiments using an RNA-RNA pull-down assay  

to determine the direct interaction between Gm15441 RNA and Txnip mRNA. The RNA-

RNA pull-down assay was performed using Gm15441-specific oligo probes and non-

specific oligo probes as the control in isolated RNA samples from mouse hepatocytes 

Hepa1-6 overexpressed with Txnip and Gm15441. In this assay, the Gm15441-specific 

antisense oligos probe was used to pull down Gm15441 RNA. If Gm15441 RNA can 

directly bind to Txnip mRNA, Txnip mRNA will also be pulled down. I examined the 

Gm15441RNA expression by RT-qPCR and found specifically enriched Gm15441 RNA 

in the Gm15441 probe pull-down samples compared to the control probe pull-down 

control samples (Figure 16, next page). This data indicates that Gm15441 RNA was 

successfully pulled down by Gm15441-specific probes. Then I examined the Txnip 

mRNA expression by RT-qPCR, and I observed specifically enriched Txnip mRNA in 

the Gm15441 probe pull-down samples compared to the non-specific probe pull-down 

control samples (Figure 16).  

This data suggest that Txnip mRNA was successfully pulled down by Gm15441-

specific probes. Taken together, these results suggest a direct interaction between 

Gm15441 RNA and Txnip mRNA, which supports the idea that Gm15441 regulates 

Txnip mRNA translation. 
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4.2.6 Gm15441-L Inhibits Txnip Protein Expression Through Translational 

Regulation 

Furthermore, we used the translational inhibitor cycloheximide (CHX) to test this 

hypothesis. Cycloheximide is a natural fungicide produced by a type of bacterium. 

Cycloheximide blocks eukaryotic translational elongation by interfering with the 

movement of two tRNA molecules and mRNA in relation to the ribosome. 

Cycloheximide is widely used in biomedical research to determine the half-life of a 

protein. We found that the Txnip protein experienced a significant decline after CHX 

treatment, but the presence of Gm15441-L did not affect the rate of decline of Txnip 

protein (Figures 17A and B). Because that CHX treatment blocks Txnip translation, the 

rate of decline of Txnip protein is determined by protein degradation. Thus, the 

unchanged rate of decline of Txnip protein suggests that Gm15441-L does not affect  
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Figure 17: Gm15441 suppresses Txnip protein expression through translational

inhibition. (A) Western blot analysis of Txnip protein expression in Hepa1-6 hepatocytes

transduced with adenovirus expressing Txnip + empty vector (the empty vector is not

shown in the legend), or Txnip + Gm15441-L for 24 h, MOI=50, followed by a 0, 20-min

or, 40-min cycloheximide (CHX) treatment; (B) The quantitation of Txnip protein

relative to the house keeping gene β-actin from (A). Error bars are SEM, n=2.
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Txnip protein degradation. Therefore, we concluded that Gm15441-L reduced Txnip 

protein through translational inhibition. 

Altogether, these results suggest that Gm15441-L is a potent translational 

inhibitor of Txnip, and the sequence 267–709 nt in Gm1544-L is necessary for 

Gm15441-L to inhibit Txnip protein expression.    

 

4.3 Discussion 

In this chapter, we studied the regulatory relationship between Txnip and 

Gm15441 in mouse hepatocytes and clarified the underlying mechanism in this chapter. 

First, Gm15441 was predicted with opposite functions to Txnip, indicating that Gm15441  

may inhibit the expression of Txnip. In mouse hepatocytes, it was confirmed that 

Gm15441 is an inhibitor of Txnip expression. We found that overexpression of 

Gm15441-L can lower exogenous Txnip protein levels and that Gm15441 suppression 

may restore this reduction. In addition, overexpression of Gm15441-L suppresses 

endogenous Txnip protein, while knockdown of Gm15441 induces endogenous Txnip 

protein. Mechanistically, we discovered that Gm15441 decreases Txnip protein 

expression through sequence-specificity and translational inhibition. 

Chapter 3 describes a positive expression correlation between Gm1541 and Txnip 

expression under energy metabolic signals, while the current chapter depicts Gm15441 as 

an initiator of Txnip protein and with predicted opposing functions Txnip. These findings 

imply that the expression of Gm15441 may be responsive to the changes of Txnip protein 

expression under metabolic stimuli in order to control Txnip protein expression. For 

example, Txnip protein is increased under fasting in the presence of elevated Gm15441 
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RNA levels (Figure 1). The regulation of Txnip in response to fasting is very 

complicated, and many factors are involved in the process. The protein expression levels 

of Txnip under fasting conditions are regulated by numerous inducers and inhibitors, 

yielding the cumulative effects. Although Gm15441 inhibits Txnip protein, other factors 

participate in regulating Txnip expression under fasting. Therefore, the increase of Txnip 

protein under fasting is not contradictory to the findings that Gm15541 is an inhibitor of 

Txnip but implies that the expression of Gm15441 is sensitive to the changes of Txnip 

protein expression. A similar phenomenon has also been reported before: Smad3 and 

Fndc5 significantly decreased under high-fat conditions, yet Smad3 was shown to be a 

direct inhibitor of Fndc5 (Guo et al. 2019). 

Compared to Gm15441-L, Gm15441-S lacks the region overlapping with the 

Txnip5’UTR. However, Gm15441-S shares a common overlapping region with Txnip 

with Gm15441-L. Here, we found that Gm15441-S did not affect either Txnip protein or 

RNA levels. The common overlapping region does not seem to play a role in gene 

regulation. In this study, Gm15441-S serves as a natural negative control in the 

experiments. It remains unclear whether Gm15441-S is functional. Unlike the Gm15441-

L transcript, validated in the NCBI database and experimentally defined, the Gm15441-S 

transcript requires further characterization. 

Except for the Txnip gene, when blasting the Gm15441 sequence with somewhat 

similar sequences in the NCBI database, there are many more coding genes and non-

coding genes are partly complementary to Gm15441, which suggest that Txnip might not 

be the only target of Gm15441.  
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CHAPTER 5 

GM15441 IS A METABOLIC REGULATOR IN MOUSE LIVER 

 

Chapter 5 aims to study the functional role of Gm15441 in liver energy 

metabolism in vivo. By adenoviral delivering of Gm15441 specifically to the mouse 

liver, we first examined whether Gm15441 inhibits Txnip protein in the mouse liver. We 

next evaluated whether Gm15441 modulates crucial gene expressions in glucose and 

lipid metabolism and critical metabolites in the energy metabolism, including blood 

glucose levels, plasma, liver triglyceride levels, and plasma ketone body levels. 

 

5.1 Rationale 

The regulatory role of Gm15441 in inhibiting the translation of Txnip was 

elucidated in the previous chapter. Studies have shown that Txnip acts as a crucial 

regulator of energy metabolism, including glucose and lipid metabolism (Alhawiti et al. 

2017). It remains unknown whether Gm15541, as an inhibitor of Txnip, exerts any 

impact on energy metabolism. Following that, the biological function of Gm15441 in 

vivo will be investigated in this chapter.  

The known roles of Txnip in energy metabolism may provide insight into 

Gm15441 functions. Txnip is a crucial regulator of glucose and lipid metabolism via its 

pleiotropic effects (Alhawiti et al. 2017). Multiple studies have demonstrated that Txnip 

plays a critical role in hepatic glucose production and ketogenesis (Hui et al. 2004, Sheth 

et al. 2005). The previously reported HcB-19 mice, which contain a nonsense mutation in 

Txnip to eliminate Txnip expression, are hypoglycemic, hypertriglyceridemic, and have 
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elevated ketone bodies (Hui et al. 2004). In another Txnip-deficient mouse model, 

researchers found decreased glucose and increased ketone bodies (Sheth et al. 2005). 

Notably, liver-specific Txnip knockout mice exhibited fasting hypoglycemia and a 

reduced glucagon response (Chutkow et al. 2010). Moreover, Txnip was found to 

mediate gluconeogenesis in vitro and vivo (Park et al. 2014). A recent study revealed that 

the human TXNIP level rose dramatically in people with diabetes and revealed a strong 

positive correlation with the severity of nonalcoholic fatty liver disease (Guo et al. 2022). 

Although Txnip contributes to fat accumulation in the liver, the role of Txnip in lipid 

metabolism seems to be tissue-specific. It remains unclear how Txnip affects lipid 

metabolism in the liver, but it may be due to inducing β-oxidation. For example, in the 

heart, TXNIP deficiency was linked to an increase in β-oxidation promoting enzymes 

(Chen et al. 2016).  

Taken together, Gm15541, which can inhibit Txnip protein, may have a similar 

effect on glucose and lipid metabolism as Txnip deficiency. The previous functional 

prediction of Gm15441 suggests that Gm15441 may be involved in numerous energy 

metabolism pathways in the liver, including glucose and lipid metabolism. Therefore, we 

hypothesized that Gm15441-L, which can inhibit Txnip translation, affects glucose and 

lipid metabolism in the mouse liver. 

To investigate the biological functions of Gm15441 in the liver, we specifically 

overexpressed Gm15441 in the livers of mice using in vivo adenoviral gene delivery by 

injecting adenoviral vectors carrying empty vectors as a control, Gm15441-L, and 

Gm15441-S, respectively. After two weeks, liver and blood samples were obtained to 

evaluate gene expression and metabolite content.  
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In that case, we anticipate observing changes in the expression of genes involved 

in glucose and lipid metabolism. For the glucose metabolic pathway, glucose-6-

phosphatase is a crucial enzyme in glucose homeostasis that functions in gluconeogenesis 

and glycogenesis by hydrolyzing D-glucose 6-phosphate to D-glucose (van Schaftingen 

and Gerin 2002). A decrease in the glucose-6-phosphatase catalytic subunit (G6PC) 

expression indicates the downregulation of gluconeogenesis and glycogenesis, which is 

often associated with decreased blood glucose levels. Another enzyme, 

phosphoenolpyruvate carboxykinase 1 (PCK1), is one of the central points for 

gluconeogenesis regulation. PCK1 catalyzes the formation of phosphoenolpyruvate from 

oxaloacetate (Yu et al. 2021). Overactivation of PCK in the liver leads to hyperglycemia 

and exacerbation of diabetes, whereas global PCK1 deficiency causes severe 

hypoglycemia, which may result in embryonic lethality (Beale, Harvey and Forest 2007, 

Yang, Kalhan and Hanson 2009). For the lipid metabolic pathway, carnitine 

palmitoyltransferase 1A (Cpt1α) is a crucial enzyme for fatty acid oxidation. Cpt1α 

connects carnitine to long-chain fatty acids to allow them to cross the inner membrane of 

mitochondria for beta-oxidation (Lee, Kerner and Hoppel 2011). Peroxisomal straight-

chain acyl-CoA oxidase (Acox1) is an enzyme that breaks down very long-chain fatty 

acids to acetyl-CoA (Griffin and Ackerman 2020). This is the first step of the 

peroxisomal fatty acid beta-oxidation pathway. Moreover, fibroblast growth factor 21 

(Fgf21) is a hormone that regulates several critical energy metabolic pathways, including 

promoting fatty acid oxidation and ketone genesis (Domouzoglou and Maratos-Flier 

2011).  
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In addition to gene expression alterations, we anticipate observing more direct 

changes in glucose and lipid metabolites, such as blood glucose levels, plasma 

triglyceride (TG) levels, plasma ketone bodies beta-hydroxybutyrate (BOH), as well as 

the amount of TG content in the liver. 

 

5.2 Results 

5.2.1 Gm15441-L Inhibits Txnip Protein Expression in A Sequence-Specific 

Manner in Mouse Liver  

To gain a comprehensive understanding of how Gm15441 regulates Txnip in 

vivo, we first used adenoviral vectors to specifically overexpress Gm15441-L, Gm15441-

S, or a control vector in the mouse liver. Both isoforms of Gm15441 were markedly 

raised in the liver of mice after adenovirus injection (Figure 18A, next page). Consistent 

with the in vitro results, neither Gm15441-L nor Gm15441-S affected Txnip mRNA 

levels (Figure 18B). In livers with Gm15441-L or Gm15441-S overexpression, the Ct 

values of Gm15441 are approximately 5 Ct lower than those of Txnip, suggesting that the 

relative expression level of Gm15441 RNA is approximately 32-fold (25 Ct) higher than 

that of Txnip mRNA (Figure 18C and D). 

Consistent with the in vitro observations, Gm15441-L, but not Gm15441-S 

overexpression, drastically lowered Txnip protein levels in vivo (Figures 19A and B, next 

page). These data strongly suggest that Gm15441-L downregulates Txnip protein through 

its sequence overlap with the 5’end of Txnip, which is in line with the in vitro results in 

Chapter 4.  
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A

Figure 18: Liver-specific Gm15441 overexpression does not affect Txnip mRNA levels

in mice. (A-B) Quantitative real-time PCR analysis of Gm15441 RNA expression (A),

Txnip mRNA expression (B), in liver tissues from C57BL/6 wildtype mice injected with

adenovirus expressing empty vector, Gm15441-L, or Gm15441-S, n=5; (C-D) Comparison

of ∆Ct values between Gm15441 and Txnip (normalized to the housekeeping gene 18S)

from quantitative real-time PCR analysis of liver tissues from C57BL/6 wildtype mice

injected with Gm15441-L (C) or Gm15441-S (D), n=5. Error bars are SEM, *P<0.05.
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Figure 19: Liver-specific overexpression of Gm15441-L but not Gm15441-S inhibits

Txnip protein levels in mice. (A) Western blot analysis of Txnip protein expression of

liver tissues from C57BL/6 wildtype mice injected with adenovirus expressing empty

vector, Gm15441-L, or Gm15441-S; (B) The quantitation of Txnip protein relative to the

house keeping gene β-actin from (A), n=3. Error bars are SEM, *P<0.05.
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5.2.2 Gm15441-L Regulates Glucose Metabolism in Mouse Liver  

According to prior studies, Txnip regulates glucose and lipid metabolism 

(Alhawiti et al. 2017). As a result, we postulated that Gm15441-L, which can inhibit 

Txnip protein, plays a vital role in regulating glucose and lipid metabolism in mice. First, 

we showed that the overexpression of Gm15441-L or Gm15441-S has no statistically    

significant effect on the mouse body weight compared to the control (Figure 20A). 

Further analysis demonstrated that liver-specific overexpression of Gm15441-L, but not 

Gm15441-S, led to a significant decrease in the expression of two critical genes, PCK1 

(Figure 20B) and G6PC (Figure 20C), involved in gluconeogenesis, as well as lowered 

blood glucose levels (Figure 20D). This downregulation of gene expression in 

gluconeogenesis and reduced blood glucose levels is congruent with previous reports 

with Txnip-deficient mice (Hui et al. 2004, Sheth et al. 2005, Chutkow et al. 2010, Park 

et al. 2014). These findings imply that Gm15441-L suppresses gluconeogenesis in mice 

liver through sequence specificity, which is essential for the Gm15441 mediated Txnip 

protein inhibition. 

5.2.3 Gm15441-L Regulates Lipid Metabolism in Mouse Liver 

We also found that liver-specific overexpression of Gm15441-L, but not 

Gm15441-S, led to a significant increase in the expression of two essential genes, Cpt1α 

(Figure 21A) and Acox1 (Figure 21B), in fatty acid oxidation, as well as Fgf21 (Figure 

21C) in fatty acid oxidation and ketone genesis. By analyzing plasma metabolites, the 

liver-specific overexpression of Gm15441-L decreased TG levels (Figure 21D) while 

increased ketone body BOH levels (Figure 21F). This upregulation of gene expression in 

fatty acid oxidation and ketone genesis and the related metabolite alterations are  
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B

Figure 20: Liver-specific overexpression of Gm15441-L but not Gm15441-S lowered

blood glucose and inhibit key gene expression in gluconeogenesis. (A) 24-h fasting body

weight of C57BL/6 wildtype mice injected with adenovirus expressing empty vector as

control, Gm15441-L, or Gm15441-S, n=5; (B-C) Quantitative real-time PCR analysis of

PCK1 gene expression (B) and G6PC gene expression (C) in liver tissues from control,

Gm15441-L, or Gm15441-S overexpression mice, n=5; (D) Overnight fasting blood glucose

levels of control, Gm15441-L or Gm15441 S overexpression mice, n=5; Error bars are

SEM, *P<0.05.
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A

Figure 21: Liver-specific overexpression of Gm15441-L but not Gm15441-S lowered

circulating TG, increases plasma BOH and induces key gene expression in fatty acid

oxidation and ketogenesis. (A-C) Quantitative real-time PCR analysis of Cpt1α gene

expression (A), Acox1 gene expression (B) and Fgf21 gene expression (C) in liver tissues

from C57BL/6 wildtype mice injected with adenovirus expressing empty vector, Gm15441-

L, or Gm15441-S, n=5; (D-F) 24-h fasting plasma triglyceride (TG) (D), liver TG (E) levels,

and plasma ketone body β-hydroxybutyrate (BOH) (F) of control, Gm15441-L or Gm15441

S overexpression mice, n=5. Error bars are SEM, *P<0.05.
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congruent with previous results with Txnip-deficient mice (Hui et al. 2004, Sheth et al. 

2005, Chen et al. 2016). In addition, none of the Gm15441 isoforms that were 

overexpressed in mice affected the amount of liver TG content (Figure 21E). These 

results suggest that Gm15441-L promotes fatty acid oxidation and ketone genesis in a 

sequence-specific manner. 

Altogether, these findings indicate that Gm15441 inhibits Txnip protein in the 

mouse liver and functions as a crucial energy metabolic regulator in the liver by 

suppressing gluconeogenesis and promoting fatty acid oxidation and ketone genesis in a 

sequence-specific manner. 

 

5.3 Discussion 

In this chapter, we established Gm15441 liver-specific overexpression mouse 

model. We found that Gm15441 inhibited Txnip protein in the liver through sequence 

specificity. We also identified Gm15441 as a crucial lncRNA regulator in regulating liver 

energy metabolism, including the glucose and lipid metabolism. 

This study investigated the in vivo physiological function of Gm15441 in liver 

metabolism. As described in Chapter 3, both Gm15441 and Txnip expressions are 

elevated in the livers of the diabetic insulin resistance model ob/ob mice. Gm15441 may 

be induced to inhibit the high blood glucose levels contributed by Txnip. For future 

pathologic studies for energy metabolic disorders, the ob/ob mouse model and the non-

alcoholic fatty liver diseases NAFLD/NASH mouse model could be utilized to delineate 

the therapeutic potential of Gm15441 by decreasing blood glucose and lipids. 
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We reported in the current study that liver-specific overexpression of Gm15441 

lowered plasma TG levels while elevated plasma BOH levels in mice. A prior in vitro 

study in mouse hepatocyte cell line AML-12 revealed that the knockdown of Gm15441 

led to a decrease in BOH content and an increase in intracellular TG level (Batista et al. 

2019). Moreover, the pathway analysis and RNA interfering knockdown suggest a role 

for Gm15441 in regulating fatty acid oxidation in hepatocytes (Batista et al. 2019). These 

findings from the in vitro loss-of-function study support the metabolite changes we 

discovered in mice. 

Except for the metabolite changes, we also reported that liver-specific 

overexpression of Gm15441 reduced Txnip protein expression levels in mice. 

Researchers have shown that a whole-body Gm15441 deletion mouse model exhibits 

higher plasma TG levels and increased hepatic Txnip protein expression (Brocker et al. 

2020). These findings from the general in vivo gain-of-function study are in line with the 

findings of this investigation. Notable is the fact that these phenotypes represent the 

cumulative effect of all affected organs, including the liver, due to Gm15441 general 

knockdown. By liver-specific overexpression of Gm15441 in mice, we aimed to provide 

a more precise understanding of liver-specific functions of Gm15441 in regulating energy 

metabolism and the expression of its antisense gene, Txnip. Despite a focus on diverse 

aspects of activities of Gm15441 and the use of different approaches, the roles of 

Gm15441 in the liver are consistent with those of Gm15541 in general. Given that 

lncRNAs are often more tissue-specific than protein-coding RNAs. This consistency 

suggests that the liver is the primary target organ for Gm15441. 
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The liver-specific Gm15441 overexpression mice described in Chapter 5 were 

subjected to fasting before tissue harvest. From Chapter 1 and 3, we know that Gm15441 

is upregulated in response to fasting while downregulated after refeeding. Therefore, the 

expression of Gm15441 in the control group is already at high level. The fasting 

condition is not the ideal condition to further evaluate how overexpression of Gm15441 

affects liver glucose and lipid metabolism. Therefore, a refeeding condition should also 

be check. 
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CHAPTER 6 

CONCLUSIONS AND DISCUSSION  

 

In Chapter 6, I offered an overview summary of the research work, highlighted 

the achievements and limitations, and proposed future directions inspired by the work. 

 

6.1 Summary 

In recent years, the novel roles of lncRNAs in gene expression and energy 

metabolism have attracted increasing attention.  

First, in Chapter 3, we demonstrated that the natural antisense lncRNA Gm15441 

dynamically responds to in vivo and in vitro energy metabolic signals similar to its sense 

gene Txnip. These results revealed that Gm154441 and Txnip are highly likely involved 

in regulating the same pathways including glucose and lipid metabolism in the liver. 

Next, in Chapter 4, we delineated the regulatory interaction between the antisense 

lncRNA Gm15441 and its sense coding gene Txnip and elucidated the underlying 

mechanism how Gm15441 regulates Txnip protein expression. We first demonstrated 

that Gm15441 inhibits Txnip protein expression in a sequence-specific manner. The 267-

709 nucleotides of Gm15441, which overlap with the Txnip 5’end (including the 5’UTR 

and part of the first exon), are required for the Txnip protein inhibition. Furthermore, we 

discovered that Gm15441 RNA bind to Txnip mRNAs and inhibit Txnip translation.  

Then in Chapter 5, in mouse livers with Gm15441 overexpression, we found that 

Gm15441 modulates glucose metabolism by reducing blood glucose levels and 

suppressing gene expression in gluconeogenesis. We also found that Gm15441 regulates 
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lipid metabolism by decreasing circulating TG levels, increasing plasma ketone body 

BOH levels, and promoting gene expression in fatty acid oxidation and ketogenesis. 

Moreover, these metabolic effects in mice livers are through the same sequence 

specificity required by the Txnip protein inhibition. 

 Taken together, this study indicates that Gm15441 is a potent translational 

inhibitor of Txnip and a critical regulator of liver energy metabolic homeostasis. This 

work was published in the Cell and Bioscience in 2021 (Xin et al. 2021). 

 

6.2 Innovation and Significance 

This is the first study to highlight the liver-specific function of the antisense 

lncRNA Gm15441 in liver metabolism. Moreover, the liver-specific overexpression 

strategy is also first-in-kind, providing technical innovation for future lncRNA functional 

studies.  

In addition, these findings improve our understanding of lncRNAs in the complex 

regulatory network in liver metabolism and the regulatory interaction between an 

antisense lncRNA and its sense protein-coding gene. 

It is widely recognized that Txnip is associated with many metabolic disorders, 

including hyperglycemia, T2DM, and NAFLD (Alhawiti et al. 2017, Guo et al. 2022). 

Inhibition of Txnip is considered a promising therapeutic strategy for treating these 

metabolic disorders (Alhawiti et al. 2017). The current study determined that Gm15441 is 

a potent translational inhibitor of Txnip protein. In addition, mice with liver-specific 

overexpression of Gm15441 exhibited decreased blood glucose and plasma TG levels 

and increased BOH levels. These results suggest a potential therapeutic role of Gm15441 
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in these glucose and lipid metabolic diseases. This study paved the way for future 

lncRNA-based gene therapy for liver metabolic diseases. 

 

6.3 Limitations and Future Directions 

The items listed here are in addition to points described in the discussion section 

of each chapter. 

6.3.1 The Molecular Mechanism of Txnip Inhibition by Gm15441 

We showed clearly in the previous chapters that Gm15441 decreases Txnip 

protein expression while Gm15441 does not affect Txnip mRNA expression. These 

findings suggest that this inhibition is neither through transcriptional regulation nor 

affecting mRNA stability, but most likely at a post-transcriptional level potentially. 

However, experimental evidence is needed when the conclusion can be made that the 

mRNA stability of Txnip remains unaffected, for example, widely used mRNA stability 

assay under transcription inhibition by Actinomycin D. 

When testing the idea that Gm15441 regulates Txnip at a post-transcriptional 

level in Figure 17, the protein degradation of Txnip was shown to be unaffected by the 

presence of Gm15441. Combining all data, this study showed that Gm15441 inhibits 

Txnip protein expression at a translational level. We also revealed the direct binding 

between Gm15441 RNA and Txnip mRNA through their complementary sequences to 

the Txnip 5’end (including 5’UTR and part of the first exon). Moreover, both the 5’UTR 

binding and exon binding can inhibit Txnip translation.  

Another group provided evidence to support the translational inhibitory potential 

of Gm15441 in the Txnip 5’UTR by a reporter assay with Txnip 5’UTR manually linked 
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to the coding sequence for GFP (Brocker et al. 2020). They showed that GFP protein 

translated from the Txnip 5’UTR-GFP template was significantly reduced in cells co-

transfected with Gm15441 expression plasmid (Brocker et al. 2020). Their results, 

together with our findings, highlight the importance of Txnip 5’UTR in the Txnip 

translation inhibition by Gm15441. 

In a translation process, there are three major steps, including initiation, 

elongation, and termination. The translation process is primarily regulated at the initiation 

stage, allowing fast, reversible, and accurate control of gene expression (Jackson, Hellen 

and Pestova 2010). The 5’UTR, the mRNA region directly upstream of the initiation 

codon, is critical for translational initiation. In general, the 5’UTR is involved in 

ribosome recruitment to the mRNA and start codon choice, and plays a major role in the 

control of translation efficiency (Hinnebusch et al. 2016). Therefore, interference with the 

5'UTR of an mRNA often disrupts translation. 

Most eukaryotic mRNAs are translated by the 5’UTR scanning mechanism. The 

process is initiated with the assembly of a 43S preinitiation complex (PIC), which 

contains methionyl-initiator tRNA (Met-tRNAi) in a ternary complex with GTP-bound 

eukaryotic initiation factor 2 (eIF2). The 43S PIC subsequently attaches to the mRNA at 

the m7G-capped 5’end, facilitated by the eIF4F complex. Then the 43S PIC scans the 

5’UTR of the mRNA and searches for an AUG start codon, utilizing complementarity 

with the anticodon of Met-tRNAi. Once the AUG start codon is recognized, the GTP 

bound to eIF2 is hydrolyzed to produce a stable 48S PIC. Then, the release of residual 

eIF2-GDP, displacement of eIFs, and joining the 60S ribosome subunit, mediated by eIF5 

and eIF5B, help to assemble an 80S initiation complex. The initiation step is finished. 



 80  

During the elongation stage, the ribosome continues to translate each codon into amino 

acids. When the ribosome reaches a stop codon (UAA, UAG, and UGA), termination 

occurs, and translation is complete. Then, the newly synthesized protein is then released, 

and the translation complex is disassembled (Jackson et al. 2010). In the future, whether 

Gm15441 affects the Txnip 5’UTR scanning machinery needs to be elucidated.  

In addition to the classical scanning mechanism, exceptions exist. For example, a 

few cases showed that a functional RNA element located in the 5’UTR called the internal 

ribosome entry site (IRES) could also recruit a subset of initiation factors and ribosomes 

to the mRNA to initiate translation (Fitzgerald and Semler 2009). Interestingly, a 

previous study demonstrated that the translation of human TXNIP is mediated by the 

IRES located in human TXNIP 5’UTR (Lampe et al. 2018). They also showed that IRES 

transacting factors (ITAFs), including PTB, FBP3, and GEMIN5, bind to human TXNIP 

IRES and are involved in translation regulation (Lampe et al. 2018). In the current study, 

we revealed that the Gm15441 binds to Txnip mRNA through their complementary 

sequences to the Txnip 5’end (including 5’UTR and part of the first exon) and inhibits 

Txnip translation. This leads to the hypothesis that the binding between Gm15441 and 

Txnip 5’UTR blocks transacting factors and ribosome binding to Txnip IRES and thus 

inhibits Txnip translational initiation. Hopefully, future investigations can provide direct 

evidence regarding IRES transacting factors to determine whether Gm15441 regulates 

translation of Txnip is IRES-dependent or not. 

Except for the Txnip 5’UTR, our finding that the Txnip translation inhibition 

through the complementary sequences of Gm15441 to the part of the Txnip first exon is 

novel. Future investigation is needed to reveal the underlying mechanism. 
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6.3.2 The Human Relevance of Gm15441-TXNIP Axis 

Further demonstration of the human relevance of Gm1544 is essential to link the 

current study in the mouse liver and mouse hepatocytes to the human translation. Unlike 

mRNAs highly conserved between species, lncRNAs evolved rapidly and are less 

conserved (Johnsson et al. 2014). To identify human lncRNAs, two major projects were 

launched: GTEX (Genotype-Tissue Expression), which identified lncRNAs from healthy 

human tissues, and the other one is TCGA (The Cancer Genome Atlas), which identified 

lncRNAs from human cancer samples. However, as lncRNA expression levels are often 

much lower than those of mRNAs, and lncRNAs may display disease-specific 

expressions and are rapidly emerging, many lncRNAs are not yet annotated in the current 

database. In the human TXNIP genomic region, there are no annotated lncRNAs in the 

current database. However, we performed sequence alignment between mouse Gm15441 

and the human genomic sequence and found that Gm15441 sequences are highly 

conserved in humans. Like mouse Gm15441, a Gm15441 highly similar human 

transcript, LNC_000151, is also orientated in an antisense direction relative to human 

TXNIP and overlaps with the TXNIP 5’UTR. LNC_000151 is a potential human TXNIP 

antisense lncRNA. 

6.3.3 Long-Term/Therapeutic Effects of Gm15441 on Glucose and Lipid 

Homeostasis and Disorders 

Adenovirus-mediated gene delivery lasts about 2 to 3 weeks, which is suitable for 

short-term gene functional studies (Li et al. 2015). Following intravenous injection, the 

liver predominantly retains adenoviral vectors, rendering the feature of liver specificity 

(Shayakhmetov et al. 2004). Therefore, adenoviral vector-mediated gene delivery is the 
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appropriate choice for this study to initially investigate the biological functions of 

Gm15441 in the liver. However, its innate toxicity and immunogenicity make adenovirus 

not ideal for long-term preclinical and clinical study in chronic liver disease 

(Shayakhmetov et al. 2004). The adeno-associated virus serotype 8 (AAV8) vectors are 

widely used for long-term gene delivery (including lncRNAs) in the liver and clinical 

trials for human diseases (Grimm et al. 2006, Tontonoz et al. 2017). Glycine N-

methyltransferase (GNMT) is abundantly expressed in normal livers and plays a 

protective role against tumor formation. AAV8-mediated liver-specific GNMT 

expression reduces liver damage and the incidence of liver tumors. These results suggest 

that correcting hepatic GNMT by gene therapy of AAV8-mediated gene enhancement 

may provide a potential strategy for preventing and delaying the development of liver 

diseases (Fang et al. 2018).  

Moreover, AAV-based gene therapy is currently approved or in clinical trials for 

more than 80 distinct human diseases. For patients with an inherited liver lipid metabolic 

disease, familial hypercholesterolemia, there is a hepatic AAV-LDLR based gene therapy 

currently being tested in phase II clinical trials (Tontonoz et al. 2017). In a recent study, 

researchers utilized a gene therapy approach to examine the long-term effects of lncRNA 

LeXis expression in a mouse model of familial hypercholesterolemia. To specifically 

express LeXis in the mouse liver, an AAV8 vector expressing LeXis under the control of 

the human liver-specific thyroxine-binding globulin (TBG) promoter was employed. The 

gene therapy-facilitated expression of LeXis in mouse liver led to a substantial decrease 

in cholesterol and triglyceride levels, as well as a reduced atherosclerotic burden in mice. 
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These findings illustrate the feasibility of developing future lncRNA-based gene therapy 

for metabolic diseases (Tontonoz et al. 2017). 

Therefore, the long-term effects of Gm15441 in liver metabolism and its 

therapeutic potential in chronic liver metabolic diseases could be further investigated 

using liver-targeted AAV vectors. Recently, researcher has introduced a promising 

candidate for future liver-targeted gene therapy, the AAV.GT5 vectors. AAV.GT5 

vectors have less unwanted immune response and 50-fold higher transduction efficiency 

for hepatocytes compared to the traditional AAV8 vectors (Ito et al. 2021). Considering 

the glucose- and the lipid-lowering role I reported and the anti-inflammatory function of 

Gm15441 others reported in mice, the introduction of Gm15441 human homolog 

LNC_000151 could serve as promising gene therapy for liver metabolic diseases such as 

T2DM and NAFLD.  

6.3.4 Implications of Gender Factors in Glucose and Lipid Metabolism 

This study is limited in evaluating the functional roles of Gm15441 in liver 

metabolism in the male animal model, lacking a comprehensive consideration of all 

genders. The in vitro primary hepatocytes were isolated from solely male mice in 

Chapters 3 and 4. The in vivo study is also restricted to male mice in Chapter 5. The 

gender issue associated with females has not been considered. Gender factors are known 

to make a difference in energy metabolism, which may be related to differences in sex 

steroids, insulin resistance, or the metabolic effects of other hormones such as leptin (Wu 

and O'Sullivan 2011). For example, females possess distinct mechanisms to favor adipose 

tissue storage and glucose homeostasis, resulting in a sex-specific response to anti-

diabetic drugs in patients with T2DM (Mauvais-Jarvis 2015). Future investigations using 
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female mice would be necessary to reveal a gender-specific role of Gm15441 and 

contribute to a better understanding of how gender influences the Gm15441-mediated 

control of energy metabolism. These gender-specific disparities in energy metabolic  

homeostasis could contribute to the development of gender-specific personalized 

treatment for metabolic disorders. 

6.3.5 Evaluation of the Metabolic Effects of Gm15441 in Mice  

Three different widely used hepatocyte cell lines were used in this study, 

including the primary mouse hepatocytes isolated from healthy mice, a murine hepatoma 

cell line Hepa1-6, and a mouse hepatocyte cell line AML12. The cell line differences 

may result in slightly different phenotypes or pathway responses. For example, the pull-

down assay could give different results in AML12 cells compared to Hepa1-6. Moreover, 

a Gm15441-specific RNA pull-down assay performed without Txnip expression would 

enhance the reliability of the current exogenous Txnip pull-down by Gm15441 RNA. 

Further evaluation of the mouse transcriptome reprogramming by the liver-

specific Gm15441 overexpression along with analysis of the transcriptome changes in 

liver-specific Txnip knockout mice would provide potent evidence to support the current 

conclusions that Gm15441 regulates gluconeogenesis and fatty acid oxidation through 

inhibiting Txnip. 

 

6.4 Concluding Remarks 

To conclude, our study demonstrated that lncRNA Gm15441 RNA could bind to 

Txnip mRNA in a sequence-specific manner, inhibit Txnip translation, and function as a 

critical metabolic regulator in the liver. These studies provide novel insight into the 
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mechanisms of lncRNA Gm15441 in the fundamental regulation machinery. These 

studies also revealed the physiological functions of lncRNA Gm15441 in liver energy 

metabolism, including glucose and lipid metabolism, suggesting its therapeutic potential 

in liver metabolic imbalance, and laying the foundation for developing future lncRNA-

based gene therapy to treat liver metabolic diseases. 
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