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ABSTRACT 
 
 

 
Nonalcoholic steatohepatitis (NASH) is a severe liver disorder characterized by 

triglyceride accumulation, severe inflammation, and fibrosis. With the recent increase in 

prevalence, NASH is now the leading cause of liver transplantation, with no approved 

therapeutics available. Despite years of research, the exact molecular mechanism of 

NASH progression is not well understood, but fat accumulation is believed to be the 

primary driver of the disease. Therefore, diacylglycerol O-acyltransferase 2 (DGAT2), a 

key enzyme in triglyceride synthesis, has been explored as a NASH target. RNAi-based 

therapeutics is revolutionizing the treatment of liver diseases, with recent chemical 

advances supporting long term gene silencing with single subcutaneous administration. 

Here we identified a hyper-functional, fully chemically stabilized GalNAc conjugated 

siRNA targeting DGAT2 (Dgat2-1473) that upon injection elicits up to three months of 

DGAT2 silencing (>80-90%, p<0.0001) in wild-type and NSG-PiZ “humanized” mice.  

Using an obesity-driven mouse model of NASH (ob/ob-GAN), Dgat2-1473 administration 

prevents and reverses triglyceride accumulation (> 50%, p:0.0008), resulting in 

significant improvement of the fatty liver phenotype. However, surprisingly, the reduction 

in liver fat didn’t translate into a similar impact on inflammation and fibrosis. Thus, while 

Dgat2-1473 is a practical, long-lasting silencing agent for potential therapeutic 

attenuation of liver steatosis, combinatorial targeting of a second pathway may be 

necessary for therapeutic efficacy against NASH. 
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Chapter I: Introduction 
 

1.1 Non-Alcoholic Steatohepatitis (NASH) 

Non-alcoholic fatty liver disease (NAFLD) encompasses a spectrum of disorders 

associated with excessive accumulation of lipids in hepatocytes (hepatic steatosis) and 

affects up to 1 billion humans worldwide1.  NAFLD by itself can be relatively benign but 

is often part of a sequelae of liver conditions in obesity and type 2 diabetes (T2D) varying 

in severity of injury. Most notably, NAFLD can precede the occurrence of nonalcoholic 

steatohepatitis (NASH), which is associated with increased liver inflammation through 

resident and infiltrating immune cell activation as well as scarring and fibrosis through 

activation of resident stellate cells2. Currently, it is estimated that ~20–25% of NAFLD 

patients will progress to develop NASH and if left untreated, the risk of developing 

cirrhosis, severe liver failure, and hepatocellular carcinoma greatly increases3–6. 

Collectively, the various pathologies associated with dysfunctional liver lipid metabolism, 

inflammation and fibrosis represent a huge and burgeoning burden on the health care 

system, with increasing rates among young adults and even children projected to 

continue3,4.  

Many genetic and environmental factors have been shown to contribute to NAFLD/NASH 

and these will be discussed below. 
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1.1.1 Contributors to the progression of NASH: 

1.1.1.1 Genetics 

Genome wide associated studies (GWAS) in humans with NASH led to identification of 

single nucleotide polymorphisms that significantly predict the susceptibility or the 

protection of individuals against NAFLD and NASH. Strikingly, most of the genes that 

have been identified in these studies are known or strongly predicted to play a role in lipid 

metabolism. 7–22 

For instance, the rs738409(I148M) sequence variant of PNPLA3, a lipid droplet associated 

protein that has been shown to have lipase activity and have important roles in lipid droplet 

homeostasis was found to be a major genetic risk factor for NAFLD and NASH10,16,23. The 

frequency of this variant is 17% African Americans, 23% in European Americans and 49% 

in Hispanics in the Dallas Heart study10.  PNPLA3 is a lipid droplet bound enzyme that has 

both triacylglycerol lipase and acylglycerol transacylase activity24. It has been shown that 

I148M variant leads to abnormal accumulation of PNPLA3 protein on the lipid droplets 

which is shown to be impair the activity of ATGL which leads to increased lipid 

accumulation.24–26    

A variant in another gene in lipid metabolism, transmembrane 6 superfamily member 2 

(TM6SF2) was also found to be tightly correlated to the progression of NAFLD and 

NASH16,27,28. The effects of the E167K variant have been reported as a higher risk to 

develop NASH through regulation of cholesterol metabolism27. Patients with the E167K 
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variant showed lower plasma ApoB, which suggests reduced secretion of lipoprotein 

species27,28. 

More risk or protective factors are being identified with deeper mining of GWAS data with 

bigger cohorts. Some other examples in addition to those described above are 

HSD17B1313,19 and MARC118,21 variants that are associated with protection against 

progression of NASH as well as MBOAT variant14,28 and a GCKR variant15,28 which are 

other variants deemed as risk factors for it which are also associated with lipid metabolism.  

These findings of variants and their correlations to disease stages strengthen the idea that 

hepatic steatosis drives the inflammation/fibrosis aspects of the pathology and have 

resulted in major investment towards therapeutic targets within lipid metabolism pathways. 

1.1.1.2 Obesity, Adipose tissue dysfunction and Insulin resistance 

Obesity and insulin resistance have been reported to be major risk factors for developing 

NAFLD and NASH. Recent data showed around 1.5 billion people worldwide are 

overweight or obese and the number of patients continue to grow every day1,2,5. Studies 

have shown that worsening of insulin resistance contributes to the onset of NASH and its 

sequelae, which is also supported by the report of a correlation between insulin resistance 

or type 2 diabetes severity and the severity of NASH in human patients. 1,2,5 

In obese conditions, adipose tissue dysfunction has a major role in developing metabolic 

disorders such as NAFLD/NASH, insulin resistance and type 2 diabetes29–31. Visceral 

adipose tissue expansion and dysfunction in the obese state in particular have been reported 

to have a strong connection to the overall inflammation in the body through the release of 
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inflammatory cytokines such as IL-6 and Tnf-alpha as well as lower levels of protective 

adipokines like adiponectin29–34. In addition, visceral adipose tissue is more insulin 

resistant and lipolytic than any other depot in the body31. In healthy insulin-sensitive 

conditions, fasting induces adipose tissue lipolysis to meet the energy need and this leads 

to increased free fatty acids (FFAs) in the circulation. Upon feeding, increased insulin 

presence in the body results in suppression of adipose tissue lipolysis, therefore reducing 

FFAs in circulation. But in insulin-resistant conditions, this insulin effect gets blunted, and 

lipolysis continues unrestrained leading to high concentrations of FFAs in plasma. Around 

60% of the fatty acid used for triglyceride synthesis in liver derives from adipose tissue 

lipolysis in healthy patients. This percentage is even higher in patients with obesity and 

insulin resistance due to the unrestrained lipolysis leading to high circulating FFAs29,31,33–

36.   

1.1.1.3 Hepatic steatosis 

Hepatic steatosis is defined by the accumulation of TGs within the cytoplasm of 

hepatocytes that starts a sequela that can ultimately lead to NASH2,37. This accumulation 

is the result of dysfunction in overall lipid metabolism where influx and synthesis of lipids 

become overwhelmingly higher than hepatocytes’ ability to secrete or utilize them37–39. 

The major source of FFAs that are used for TG synthesis is, as mentioned above, adipose 

lipolysis30,31,35–37. In addition, excess carbohydrates taken up through the gut are converted 

to FFAs through de novo lipogenesis (DNL) in the liver to induce further production of 

TGs37,38. This excess influx/production of toxic FFAs in the liver results in storage of them 

as TGs within hepatocytes. In healthy individuals, this influx of lipids or lipid precursors 
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are countered by VLDL production/secretion or fatty acid oxidation in mitochondria. But 

in NAFLD/NASH patients these pathways become overwhelmed and/or perturbed due to 

the overall metabolic dysfunction state of the hepatocyte40,41.  In a more microscopic level, 

liver tissue is highly heterogenous structurally as well as in terms of cell subtypes42–46. This 

heterogeneity comes from anatomical and functional subunits that are arranged in ~15 

layers of cells with a diameter of about 0.5mm, called lobules 44–46. Within these lobules 

there is a gradient in oxygen, nutrients and secreted signaling molecule concentration along 

the portal vein side to central vein side caused by the blood flowing from portal vein and 

arteries from the corners of the lobules and draining from central veins45. This gradient has 

been shown to have an impact on the gene expression spatially within the same lobule and 

this phenomenon called liver zonation47. The outer highly oxygenated periportal side of the 

lobule has higher expression of enzymes involved more energy consuming pathways such 

as glucose synthesis, lipid synthesis whereas inner, pericentral layers specialize more in 

glycolysis and xenobiotic metabolism. , Recent single cell RNA sequencing analysis on 

hepatocytes also confirmed the functional clustering of the different subtypes of 

hepatocytes in more dept48. In terms of NAFLD and hepatic steatosis, it has been shown 

that fatty liver state is strongly associated not only with the enrichment in lipotoxic lipids 

but also changes in the localization of them within the lobules, especially arachidonic acid 

containing lipids43.  
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1.1.1.4 Hepatic inflammation and fibrosis 

Inflammation is a pathological response to injury in the body that leads to secretion of 

inflammatory cytokines and chemokines. Prolonged inflammation results in a chronic 

disease state where it worsens the extent of injury within the tissue. In the context of 

NAFLD and NASH, a multi-organ inflammation state via the adipose tissue, gut and liver 

plays a role in the progression of NASH. Thus, the inflammation that contributes 

particularly to progression of NASH can be categorized into two: extrahepatic 

inflammation and intrahepatic inflammation. These factors can work in parallel as well as 

sequentially to exacerbate the NAFLD and NASH disease state6,41,49–51.  

Extrahepatic inflammatory factors are the elements that work in a tissue-crosstalk manner. 

Major contributors to the development of extrahepatic inflammation are adipose tissue and 

intestinal inflammation caused by obesity and insulin resistance, mostly driven by 

unhealthy diet51. Consumption of high-fructose-syrup-containing drinks and food has 

increased immensely over the course of the past several decades world-wide52. This high 

fructose intake has been reported to be one of the important risk factors for the development 

of metabolic syndromes, which leads to adipose tissue dysfunction, gut permeability, as 

well as hepatocyte metabolism perturbations52–54.   

Intrahepatic inflammation factors are the elements that play a role in the development and 

worsening of inflammation internally in liver. Major intrahepatic factors are oxidative 

stress, mitochondrial dysfunction, lipotoxicity and hepatocyte cell death50,51. Oxidative 

stress is a major factor in development of NASH that can trigger cascade of liver damage 
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sequalae. ROS, a prominent product of oxidative stress, has been shown to disrupt the 

membrane of lysosome resulting in leakage of proteases into the cytoplasm. This leakage 

results in apoptosis and necrosis 55–58.  Lipotoxicity is another intrahepatic inflammation 

factor that has been indicated as a major factor for hepatocyte dysfunction. This lipotoxicity 

is driven by saturated fatty acids (SFA) palmitate (C16) and stearate(C18) which have been 

shown to be toxic to cells50,51,55,56,59. SFAs promote apoptosis through the activation of JNK 

pathway and by increasing ER stress and inflammasome activation60,61. Increased fatty acid 

production and influx in liver in NAFLD and NASH state, leads to production of toxic lipid 

metabolites such as ceramides and cholesterol metabolites, which then induce hepatic 

apoptosis33,34,41,57,59,62,63. This constant influx of fatty acids into hepatocytes and 

mitochondria for fatty acid oxidation elevates TCA cycle flux, which results in increased 

ROS production64–66. This excess ROS production then induces damage in mitochondrial 

protein complexes leading to mitochondrial dysfunction and mitoptosis. The released 

mtDNA then induces the inflammasome NLRP3 for further intrahepatic inflammatory and 

apoptotic signals through processing of caspases64,66–69.  

Changes in liver zonation and lipid zonation within the liver lobules also play important 

role in development and progression of lipotoxicity driven inflammation and oxidative 

stress. More specifically, enrichment of arachidonic acid containing lipid species in 

pericentral hepatocytes have been suggested to play important role in increased oxidative 

stress43,44,46.  
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1.1.2 Controversies in the NASH field: 

Although there is an overwhelming effort to fully understanding the mechanism of the 

progression of NASH, there is still not a clear picture of which pathway(s) needed to be 

targeted to reverse it. Many pharmaceutical companies and NASH scientists base their 

strategies on human GWAS studies and pursue the identified variants that come up in the 

NASH patients as therapeutical targets. These variants that are mentioned in 1.1.1.1 and 

many other less prominent ones are all leading these researchers to the idea of targeting fat 

metabolism-related genes are the solution to the problem. Although this is an excellent 

approach to understand the early steps that played role in the development of NASH, it can 

potentially be less effective in developing therapeutic strategies since the patient pool that 

needs the critical therapeutic intervention is generally at the later (non-reversible) stages of 

NASH which is the leading cause of liver transplantation3–6,70. But GWAS studies provide 

big confidence in the variants as therapeutic targets8,9,14,15,71,72. However, targeting either 

fatty acid metabolism related pathways or the inflammatory and fibrosis pathways alone 

did not bear any fruit in terms of therapeutics so far 63,72–97. 

The results of targeting solely the fatty liver pathology or the inflammation and fibrosis 

have been very inconsistent in preclinical studies as well as in clinical studies 63,72–97. 

Inconsistencies in preclinical stages are usually due to the differences between the animal 

models that are used for induction of NASH. And most animal models of NASH do not 

mimic the human disease pathology, therefore, do not give accurate vision for the 

therapeutic strategies. And for the inconsistencies in clinical trials, the biggest problem is 



21 
 

the limitations in cohort sizes in clinical studies which leads to less confidence in the 

outcomes 63,72–97.  

While we are standing in the middle of a graveyard for NASH drug candidates, a question 

arises: Are all these discontinued NASH therapeutics targeting the wrong pathways or the 

wrong genes in the right pathways?   Or more likely is it the lack of combinatorial targeting 

of multiple pathways? 

 

1.1.3 Emerging therapies for NASH: 

While lifestyle improvements including weight loss can alleviate early stages of NASH, 

behavioral modifications are difficult to execute and have not provided a solid solution to 

the problem. Despite the high prevalence of NASH, there is no FDA approved therapeutic 

agent that can specifically alleviate it, indicating an urgent unmet medical need. In order 

to meet this medical need, scientists are targeting major pathways that play a role in the 

pathology of NASH and are described below (Figure 1.1). 
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1.1.3.1 Fatty Acid Metabolism 

Due to the genetic evidence provided from GWAS studies 7–22, the most focused and 

studied pathway targeted to alleviate NASH is fatty acid metabolism. Many enzymes 

involved in lipid synthesis have been targeted with either small molecule inhibitors or 

antisense oligonucleotides (ASO). The NASH field has been testing inhibitors for 

ACC86,90–92, FASN98, DGAT296,97, SGLT299,100, DPP477,99, KHK101; agonists for FXR78–81, 

PPAR102, THR-β103 and peptide mimetics for FGF19104, FGF21105, GLP1 106. 



23 
 

Unfortunately, the results from clinical trials haven’t been quite satisfactory enough to get 

the FDA approval of any of these therapies for treatment of NASH.  

ACC is an enzyme that catalyzes the reaction that leads to production of malonyl-CoA, an 

intermediate for palmitate synthesis, through condensation of acetyl-CoA with carbonate. 

ACC has 2 isoforms; ACC1 and ACC2. It has been shown that the pan-ACC inhibitor 

reduced the production of malonyl-CoA, induced fatty acid oxidation and blocked DNL in 

vitro as well as in vivo. In Phase 1 clinical trials, Pfizer’s initial small molecule inhibitor 

blocked hepatic DNL in human subjects, but further development of the compound was 

terminated due to safety concerns.  Second generation liver-directed inhibitors by Pfizer 

were shown to increase serum TGs in healthy patients although they reduced hepatic DNL. 

Additional studies are needed for the dose optimization of these inhibitors 86,90–92.  

FASN is the last enzyme in the DNL pathway. Inhibitors against FASN have been a focus 

in oncology against multiple tumor types. First generation of these inhibitors have been 

discontinued due to poor potency as well as off-target activity. A new generation of the 

FASN inhibitor, which targets the co-factor binding site, has been approved to enter clinical 

trials. Phase 1 studies on this inhibitor showed reduced DNL in human subjects 98.  

DGATs are the last enzymes in TG synthesis where they catalyze the esterification of a 

fatty acid with DAG to produce TG107. There are 2 isoforms in mammals, DGAT1 and 

DGAT2. DGAT1 is overwhelmingly expressed in the intestine and plays a major role in 

lipid absorption where as DGAT2 is expressed primarily in adipose tissue and liver63,93,107. 

DGAT1 inhibitors in human subjects were discontinued due to intestinal side effects. 
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Meanwhile DGAT2-specific inhibitors96 and ASOs97 have had promising results, such as 

lowering liver TG levels as well as inhibition of DGAT2 resulting a negative feedback loop 

and reducing the lipogenic gene expression. In small-scale clinical studies, a DGAT2 small 

molecule inhibitor reduced steatosis by ~40% assessed by non-invasive magnetic 

resonance imaging proton density fat fraction (PDFF) method96. Recently, DGAT2 ASO 

clinical trials with NASH patients showed significant improvements in hepatic steatosis 

without having any alleviation in plasma ALT and AST levels97. On the other hand, 

DGAT2 inhibitor administration resulted in alleviation in hepatic steatosis as well as 

hepatic injury and fibrosis. Additional larger scale clinical studies need to be done to 

confirm what has been reported on the DGAT2 inhibition effect in fibrosis pathology 96,97.  

Nuclear receptors such as PPARs and FXR have been reported to have various roles in 

overall metabolism. PPARs are nuclear hormone receptors that gets activated through 

ligand binding to regulate metabolism and energy homeostasis102,108. Activation of 

different subtypes, PPARa, PPARg and PPARb/d, have shown a variety of clinically 

exciting phenotypes. PPARa activation has been shown to reduced hepatic triglyceride 

levels. Activation of PPARg has been reported to improve insulin sensitivity while 

PPARb/d activation induced fatty acid metabolism and suppressed hepatic inflammation. 

Two of the most promising agonists of PPARs are pioglitazone, a PPARg agonist, and 

elafibrator, a dual PPARb/d agonist.  Pioglitazone is a thiazolidinedione (TZD) type drug 

where it has been shown to improve insulin sensitivity in type 2 diabetes patients109. 

Several studies have investigated the effects of TZD administration on histological NASH 

endpoints in type 2 diabetic patients. In these studies, in 30mg daily doses, TZDs alleviated 
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hepatic steatosis but did not provide any improvements in fibrosis. In later studies where 

the primary goal was to investigate the NASH phenotype, a 45mg daily dose was used 

along with a calorie-restricted diet regimen for 18 months, and in these studies TZDs 

provided improvements in liver fibrosis along with hepatic steatosis.  Elafibranor, a PPAR 

b/d agonist in Phase 3 clinical trials, showed improvement of cardiometabolic risk factors, 

reduction in HgA1C, fasting blood glucose, plasma TGs, LDL, C-peptide and FFAs; 

however, it has failed to meet the FDA’s criteria for NASH therapy approval102,109,110.  

Another nuclear receptor target for NASH therapies is FXR. FXR is expressed in 

hepatocytes as well as Kupffer and stellate cells in liver. It has multiple distinct functions 

such as regulation of glucose and lipid metabolism along with bile acid production in 

hepatocytes, regulation of hepatic inflammation through Kupffer cells and regulation of 

fibrotic gene expression in stellate cells, which makes it a highly promising target in 

theory78–81. The FXR agonist that has been studied the most and that is at the furthest stage 

in clinical trials is obeticholic acid (OBA). Early clinical trials with OBA showed improved 

NASH pathology with alleviated steatosis as well as fibrosis. But later studies raised some 

health and safety concerns due to 19 cases of death and 11 cases of serious liver injury 

which led to an FDA warning for the trials. There are more FXR agonists that are not bile 

acid driven that are in the early clinical trials.    

Another therapeutic approach for NASH are the peptide mimetics for fibroblast growth 

factors (FGFs)104,105. FGF21 has been reported to have protective metabolic benefits in 

rodents, primates as well as humans and therefore it has been one of the high-interest FGFs 

for NASH therapy. There are several peptide mimetics of FGF21 in different stages of 
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clinical trials. Phase 1 and 2 clinical trials showed improvements in insulin resistance, 

hepatic steatosis, bodyweight and overall metabolism in type 2 diabetic patients. In some 

of the clinical trials safety concerns such as increased blood pressure and pulse rate have 

been raised due data that has been acquired from non-human primates, but more studies 

need to be done to clarify these concerns105.  Another FGF that attracted attention for 

NASH therapeutics is FGF19. It is mainly expressed by enterocytes of the small intestine 

then secreted into the circulation. It inhibits bile acid synthesis and promotes hepatic 

glycogen and protein synthesis. In mice increased FGF19 expression resulted in increased 

metabolic rate, reduced bodyweight and liver fat despite increased food intake. One 

concern for FGF19 is that it has been shown to increase liver growth and possible liver 

tumorigenesis. Thus, the synthetic non-tumorigenic variant of FGF19 in clinical trials 

resulted in reduced steatosis and improved ALTs and AST activity in plasma104.  

1.1.3.2 Inflammation and Fibrosis 

One of the approaches to find therapeutics for NASH is to target inflammatory and fibrotic 

elements to prevent and reverse the inflammation-driven fibrosis. The leading targets for 

this purpose have been ASK1: a kinase that mediates cell death through JNK pathway-

driven cellular stress88, CCR2/5: a receptor for inflammatory chemokines CCL2 and 

CCL585,87, and caspases: the proteases that have essential roles in programmed cell 

death82,89. 

Apoptosis signal-regulating kinase 1 (ASK1), MAP3K5, is a member of mitogen-activated 

protein kinase kinase kinase (MAP3K) family and has been shown to regulate the JNK and 
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P38 pathways111–113. ASK1 is induced in response to cellular stresses such as endoplasmic 

reticulum stress, lipopolysaccharides, tumor necrosis factor alpha, and reactive oxygen 

species. ASK1 activation also further induces various stress responses that lead to 

inflammation and fibrosis in NASH111–113. Selonsertib, an ASK1 inhibitor developed by 

Gilead, has been evaluated in multiple phase 3 clinical trials. Clinical trials studied the 

effects of ASK1 inhibition on hepatic phosphorylated p38 expression as well as NASH 

endpoints in a dose-response manner88,114. The inhibition was confirmed by showing 

reduction in hepatic phospho-p38 expression but failed to meet primary efficiency goal of 

improving fibrosis pathology in humans88,114.  

CCR2/5 are the chemokine receptors that play a role in the of exacerbation of hepatic 

inflammation and fibrosis115,116. In a large phase 2 trial, cenicriviroc, a CCR2/5 dual 

inhibitor, was investigated in adults with NASH. In a 2-year study, a small number of 

patients with NASH showed improvement of fibrosis without any improvements on 

hepatic steatosis85,87,116,117.  

Caspases are the proteases that play major role in programmed cell death. Due to the 

relevance of hepatocyte cell death the NASH pathology, the pan-caspase inhibitor, 

emricasan, has been a strong candidate for NASH therapy 82,89. Unfortunately, the clinical 

trial with 72-week treatment of emricasan did not meet the primary end goals of reducing 

fibrosis without worsening of NASH. There were no significant differences of fibrosis 

pathology between placebo and study groups82,89.  
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1.1.4 Crucial question in therapy development against NASH 

One of the major unresolved questions in this field is whether the hepatic steatosis in 

NAFLD alone drives the inflammation and fibrosis that occurs in NASH, independent of 

other liver perturbations that occur in obesity and T2D. If this is the case, might therapeutic 

targeting the hepatic steatosis in NAFLD alleviate its progression to NASH? Strong 

support for the idea that hepatic steatosis is the major independent initiator of NASH has 

been derived from human genome-wide association studies showing its strong link with 

single-nucleotide polymorphisms in genes related to lipid metabolism as mentioned above 

7–22. These SNPs not only track with steatosis but also with steatohepatitis and hepatic 

fibrosis. These findings strengthen the idea that hepatic steatosis drives the 

inflammation/fibrosis aspects of the pathology and have resulted in major investments 

towards therapeutic targets within lipid metabolism pathways. On the other hand, clinical 

trials mentioned above with agents that target such proteins, such as ACC86,90–92, FASN98, 

DGAT296,97, SGLT299,100, DPP477,99, KHK101; agonists for FXR78–81, PPAR102, THR-β103 

or peptide mimetics for FGF19104, FGF21105, GLP1 106 have not succeeded, due to either 

adverse effects or lack of improvement in inflammation and fibrosis. These failures suggest 

the possibility that additional perturbations of gene products in the inflammation and 

fibrosis pathways, independent of those initiated by hepatic steatosis, are critical to the 

progression of NASH. Thus, hepatic steatosis may be required but not sufficient to initiate 

NASH.  

On a similar note, candidate therapeutics aimed to attack the end stage inflammation and 

fibrosis pathways of NASH, such as C-C chemokine receptor (CCR)2/5 antagonists87,117, 
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ASK1 inhibitors114 or caspase inhibitors82,89, have also failed to achieve FDA approval. 

Together, these unfavorable results raise the likelihood that the multiple pathways 

contributing to NASH must be simultaneously targeted by therapeutics to be successful118. 

 

1.2 RNA interference (RNAi) 

The phenomenon called RNAi refers to the use of double stranded RNA (dsRNA) to target 

specific regions of a specific mRNA in order to initiate the degradation process of this 

particular mRNA thus the silencing it’s expression119–121. RNAi was first discovered by 

Fire and Mello in 1998 where they reported a strong and robust silencing of unc-22 gene 

in C.elegans122. They also reported that dsRNA is significantly more efficient in silencing 

of the target gene than just injection of single sense or antisense strand 122. Later on, a 

shorter, 21-22 nucleotide dsRNA (siRNAs) was reported by Caplen et.al that eliminated 

the previous concerns of non-specific interferon response of dsRNAs.   These discoveries 

led to advancements in countless fields in biological research due to its potential as a tool 

for asking crucial questions as well as its potential for therapeutics.  

siRNAs consist of a guide strand which engulfs the sequence information needed for 

specific mRNA targeting and a passenger strand that supports the geometry requirements 

for siRNA to be loaded into the RNA-induced silencing complex (RISC). The RNAi 

process contains 2 major steps: first the cleavage of the siRNA and secondly, the targeting 

of the antisense strand to the corresponding mRNA for degradation. In the first step, a 

RNase III endonuclease, Dicer, cleaves the dsRNA. Then the cleaved siRNA is loaded in 
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to RISC. The siRNA that is loaded into RISC is double-stranded but the core component 

of the RISC complex, Ago2, cleaves this dsRNA in order to release the passenger strand 

and “activates” the RISC complex with the guide strand, which directs the RISC complex 

to the specific mRNA by base-pairing recognition119,120,123,124.  

The early excitement for potential of RNAi therapeutics shut down when several 

chemically non-optimized compounds pushed into the clinic125,126. These “native” siRNAs 

did not exert strong stability and efficacy due poor to uptake/delivery. This poor uptake 

also resulted in accumulation of siRNAs in extracellular space which led to toxicity through 

the innate immune response125,126. Thus, the RNAi field came to a consensus that chemical 

modifications of RNAi is a must in order to push these compounds into the clinic.  

 

1.2.1 Development of chemical modifications and moieties of RNAi 

One of the major problems with native siRNAs is that they are degraded when they are 

injected into the bloodstream through an evolutionary defense mechanism. Initial chemical 

modifications of siRNAs were kept minimal because these few chemical modifications 

were enough to reduce the toxicity and improve their stability119,127. The most common 

modifications are 2’-O-Methyl (2’-OMe) and 2’-Fluoro (2’-F) and 

phosphorothioate119,124,127–131. The chemical modifications on guide strand need to be 

chosen very carefully because the guide strand must bind to the RISC complex very 

efficiently for optimal silencing. 2’-F is well tolerated in the guide strand in this case due 

to being the best mimic of 2’-OH group on the ribose in terms of charge and size127,130,131. 
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Chemical modifications typically hinder silencing by stabilizing the duplex too much. This 

over-stabilization of the siRNA duplex leads to poor dissociation of the passenger strand 

from the RISC-siRNA complex, which results in low efficiency in RISC silencing 

activity132. Both modifications lead to slight structural deformities on siRNAs.  When the 

guide strand is fully modified with only 2’-OMe or only 2’-F, it is either completely 

inactive or its activity is reduced immensely. However, screening of variations of 2’-OMe 

and 2’-F modifications in each position, enables the identification of structurally ideal 

compounds for RISC assembly and activity132,133.  

Another major advancement in the field of chemical modification of siRNAs is the 

stabilization of 5’-phosphate. The 5’-phosphate of the guide strand is crucial for the 

recognition by RISC. When administered to animals, this 5’-phosphate is removed by 

phosphatases very rapidly, in the matter of hours, which results in accumulation of inactive 

(not able to load RISC efficiently) siRNAs in the system134,135. To overcome this issue, a 

phosphatase-resistant analog of 5’-phosphate, 5’-E-vinyl phosphonate (5-E-VP) was 

developed. This analog is suitable for RISC loading and has a major benefit to the in vivo 

efficacy of the siRNAs136,137.  

One other major limitation of original, native siRNAs was the poor delivery. The in vivo 

efficiency of siRNAs is dictated by the target tissue, receptor-mediated cellular uptake, and 

ability of the siRNA to achieve successful endosomal escape. The native siRNA chemistry 

was falling short of all these parameters; therefore, it was very ineffective in vivo. Two of 

the most widely used solutions to solve the delivery problem are lipid nanoparticles 

(LNPs)138,139 and N-acetylgalactosamine (GalNac) conjugates140–148. LNPs were originally 
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developed for DNA-based drugs but they have been increasingly applied to siRNA delivery 

for their protection from nucleases, efficient renal clearance, and efficient delivery features, 

but they lack tissue-specific targeting 138,139. Thus, the RNAi therapeutics field has been 

leaning towards GalNac-conjugated compounds for liver targeting for liver-driven rare 

diseases and cardiometabolic diseases. GalNac is the ligand for asialoglycoprotein receptor 

which is overwhelmingly expressed in hepatocytes 140–148. Although the idea of using 

triantennary GalNac constructs for drug delivery has been known for a while, the 

applications on oligonucleotides are relatively new. One of the hurdles the siRNA field 

encountered while developing GalNac-conjugated siRNAs was that GalNac conjugation 

needs a metabolically stable scaffold144,149. This metabolic stability needed be achieved by 

applying the ribose modifications to all the nucleotides within the siRNA as well as the 5’-

phosphate stabilizations mentioned above141,144. Thus, chemical pattern optimization is 

once again vital for the efficient synthesis as well as activity in GalNac-conjugated siRNAs 

140,141,144,149. GalNac-conjugated siRNAs are the clinically preferred approach currently due 

to their efficient hepatocyte delivery as well as their excellent safety profile 140–148. Lastly, 

the hydrophobic modifications such as cholesterol, DCA or fatty acids of siRNAs have 

been considered and carried on to the clinic for extrahepatic delivery. Although there is 

still uptake from hepatic tissue with these hydrophobic modifications, there is also delivery 

to other tissues such as muscle, kidney, and minimally adipose tissue which opens the door 

for the development of therapeutics for variety of diseases119,137,150–153.  
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1.2.2 RNAi therapeutics in clinic 

All the advancements in RNAi field including the chemical modifications explained above, 

the pattern optimizations of these modifications, and conjugate-mediated delivery 

optimizations resulted in an exciting era for RNAi therapeutics. Many biopharma 

companies reinvested or started to invest in their oligonucleotide programs for their 

therapeutic targets in their pipelines. One of the most attractive features of RNAi 

therapeutics is that it eliminates the daily dosing in most cases due its potency in vivo119. 

Many of the compounds in clinical trials require monthly or less frequent administration 

of the compounds and still show strong efficacy. Another attractive feature is that the 

administration of the compounds, in most cases, is via subcutaneous injection, which is a 

very non-invasive method of delivery.  

One of the most important milestones in RNAi therapeutics was the FDA approval for 

commercialization of ONPATTRO against TTR amyloidosis138,146,147, a very rare disease 

that results in many multiorgan complications including heart failure, in August 2018. 

Although the LNP-siRNA system showed promising potential for therapy, big players in 

the field switched to the more targeted platform, GalNac conjugation. GIVLAARI, an 

ALAS1 targeting GalNac-siRNA, was recently approved by the FDA against a genetic 

disorder resulting from the accumulation of porphyrin154,155. Inclisiran is another GalNac-

siRNA targeting hepatic PCSK9 that has been approved in Europe and is close to getting 

FDA approval against cardiometabolic syndrome by lowering plasma VLDL and 

LDL143,145,156,157. Lumasiran, which targets PH1 against a rare genetic disorder, primary 

hypoeroxaluria, to reduce oxalate to alleviate the kidney damage that is caused by it, is also 
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in the similar stage with inclisiran in terms of FDA approval158. There are many more 

compounds that are still in Phase 3 clinical trials showing promising results such as 

Fitusiran159,160, targeting antithrombin against hemophilia, cemdisiran161, targeting C5 

protein against complement-mediated disease, ALN-AAT02, targeting AAT against 

alpha1 liver disease162,163, and ALN-AGT, targeting AGT against hypertension164.  

Most of these RNAi therapeutics that are in later stages of clinical trials are against rare 

diseases. Other than inclisiran, targeting more common diseases with RNAi therapeutics is 

a work in progress. Metabolic diseases in particular haven’t been targeted in proportion to 

their prevalence. Especially the liver being one of the most important metabolic organs and 

the GalNac platforms allowing the specific targeting of liver leads to a sea of possibilities 

for RNAi therapeutics against metabolic diseases. Arrowhead and Alnylam have metabolic 

disease programs that are in Phase1 clinical trials, but these are also only monotherapy 

approaches. There are no reports of dual targeting studies just yet which, as mentioned 

above in the context of NASH, might be needed to treat complex metabolic syndromes.    

1.3 Study Aims: 

Based on the above considerations, the aims of the present study were twofold: First, we 

addressed the unsolved question of whether specific inhibition of liver triglyceride 

synthesis would also diminish inflammation and fibrosis in the livers of a novel mouse 

model whereby NASH is rapidly developed by GAN diet feeding. For this aim, we targeted 

DGAT2, which catalyzes the last step in the synthesis of triacylglycerol through the 

esterification of fatty acyl–coenzyme A to DAG107,165,166. DGAT2 is expressed 
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prominently in liver and adipose tissue, while the Dgat1 isoform is expressed mostly in 

intestine and much less so in other tissues167. It has been shown  previously that depletion 

of liver DGAT2 by ASO does alleviate hepatic steatosis in mouse 94,168 and rat93 models, 

but the effects on inflammation and fibrosis were not evaluated in these studies. In a study 

using a choline deficient diet-induced mouse NASH model, liver damage appeared to 

actually be increased by liver DGAT2 loss168. In two short term human trials, 

pharmacological96 or ASO targeting97 of DGAT2 diminished liver triglyceride and 

suggested lower liver damage and fibrosis, but the degree to which targeting DGAT2 alone 

will yield effective therapy for the severe inflammation and fibrosis of NASH is still not 

clear96,97.  

To approach the above question, a second aim of this study was to identify and advance 

the therapeutic potential of a chemically modified siRNA to silence Dgat2. 
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Chapter II: Materials and Methods 

2.1 Animals and siRNA administration 

Animal experiments were performed in accordance with animal care ethics approval and 

guidelines of University of Massachusetts Medical School Institutional Animal Care and 

Use Committee (IACUC, protocol number A-1600-19). For in vivo dose response and KD 

longevity of Dgat2-1473, wild type C57BL6/J male mice(n=3) were injected doses of 1, 3, 

or 10 mg/kg or 10 mg/kg -NTC subcutaneously once and sacrificed at time points of 4w, 

8w, 12w after injections. For NASH studies, 10-week-old genetically obese (ob/ob) male 

mice (n=4) were injected subcutaneously either with NTC or Dgat2-1473 and put on a 

NASH-inducing GAN diet (Research Diets D09100310) for 3 weeks. After 3 weeks, mice 

were sacrificed with CO2 and double-killed with a cervical dislocation. 

2.2 Oligonucleotide synthesis 

Oligonucleotides were synthesized using modified (2ʹ-F, 2ʹ-O-Me) phosphoramidites with 

standard protecting groups. 5'-Vinyl Tetra phosphonate (pivaloyloxymethyl) 2'-O-Methyl 

Uridine 3'-CE phosphoramidite (VP) was used for the 5’-Vinyl-phosphonate coupling 

when needed. All amidites were purchased from (Chemgenes, Wilmington, MA). 

Phosphoramidite solid-phase synthesis was done on a MerMade12 (Biosearch 

Technologies, Novato, CA) using modified protocols. Unconjugated oligonucleotides were 

synthesized on 500Å long-chain alkyl amine (LCAA) controlled pore glass (CPG) 

functionalized with Unylinker terminus (Chemgenes, Wilmington, MA). Cholesterol 

conjugated oligonucleotides were made on a 500Å LCAA-CPG support, where the 
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cholesterol moiety is bound to tetraethylenglycol through a succinate linker (Chemgenes, 

Wilmington, MA). GalNAc conjugated oligonucleotides were grown on a 500Å LCAA 

custom aminopropanediol-based trivalent GalNAc-CPG (Centernauchsnab, Minsk, 

Belarus). Phosphoramidites were prepared at 0.1 M in anhydrous acetonitrile (ACN), with 

added dry 15% dimethylformamide in the 2'-OMe-Uridine amidite. 5-(Benzylthio)-1H-

tetrazole (BTT) was used as the activator at 0.25 M. Detritylations were performed using 

3% trichloroacetic acid in dichloromethane. Capping reagents used were CAP A, 20% n-

methylimidazole in ACN and CAP B, 20% acetic anhydride, 30% 2,6-lutidine in ACN 

(Synthesis reagents were purchased at AIC, Westborough, MA). Sulfurization was 

performed with 0.1 M solution of 3-[(dimethylaminomethylene)amino]-3H-1,2,4-

dithiazole-5-thione (DDTT) in pyridine (Chemgenes, Wilmington, MA) for 3 min. 

Phosphoramidite coupling times were 4 min. 

2.3 Deprotection and purification of oligonucleotides  

Conjugated oligonucleotides were cleaved and deprotected 28-30% ammonium hydroxide 

and 40% aq. methylamine (AMA) in a 1:1 ratio, for 2h at room temperature. The VP 

containing oligonucleotides were cleaved and deprotected.  CPG with VP-oligonucleotides 

was treated with a solution of 3% Diethylamine in 28-30% ammonium hydroxide at 35⁰C 

for 20h. 

The solutions containing cleaved oligonucleotides were filtered to remove the CPG and 

dried under vacuum. The resulting pellets were re-suspended in 5% ACN in water. 

Purifications were performed on an Agilent 1290 Infinity II HPLC system. VP and GalNAc 

conjugated oligonucleotides were purified using a custom 20x150mm column packed with 
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Source 15Q anion exchange resin (Cytiva, Marlborough, MA); run conditions: eluent A, 

10 mM sodium acetate in 20% ACN in water; eluent B, 1 M sodium perchlorate in 20% 

ACN in water; linear gradient, 10 to 35% B 20 min at 40°C. Cholesterol conjugated 

oligonucleotides were purified using a 21.2x150mm PRP-C18 column  (Hamilton Co, 

Reno, NV); run conditions: eluent A, 50 mM sodium acetate in 5% ACN in water; eluent 

B, 100% ACN; linear gradient, 40 to 60% B 20 min at 60°C. Flow was 40mL/min in both 

methods and peaks were monitored at 260 nm. Fractions were analyzed by liquid 

chromatography mass spectrometry (LC–MS), pure fractions were dried under vacuum. 

Oligonucleotides were re-suspended in 5% ACN and desalted by size exclusion on a 

50×250 mm custom column packed with Sephadex G-25 media (Cytiva, Marlborough, 

MA), and lyophilized. 

2.4 LC–MS analysis of oligonucleotides 

The identity of oligonucleotides was verified by LC–MS analysis on an Agilent 6530 

accurate mass Q-TOF using the following conditions: buffer A: 100 mM 1,1,1,3,3,3-

hexafluoroisopropanol (HFIP) and 9 mM triethylamine (TEA) in LC–MS grade water; 

buffer B:100 mM HFIP and 9 mM TEA in LC–MS grade methanol; column, Agilent 

AdvanceBio oligonucleotides C18; linear gradient 0–30% B 8min (VP and GalNAc); 50-

100% B 8min (cholesterol); temperature, 60°C; flow rate, 0.5 ml/min. LC peaks were 

monitored at 260nm. MS parameters: Source, electrospray ionization; ion polarity, 

negative mode; range, 100–3,200 m/z; scan rate, 2 spectra/s; capillary voltage, 4,000; 

fragmentor, 180 V.  
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Deprotection, purification and LC-MS reagents were purchased from Fisher Scientific, 

Sigma Aldrich and Oakwood Chemicals. 

2.5 Humanized liver 

A human hepatocyte engrafted NSG-PiZ mouse model was generated in collaboration with 

Michael Brehm as previously explained169. The 4-week-old NSG-PiZ male mice were 

intravenously treated with a monoclonal mouse specific anti-Fas antigen (CD95) antibody 

(2 µg). After 2 hours, one million human hepatocytes were injected into the spleen by the 

intrasplenic injection. After 5 weeks on chow diet, a human serum albumin ELISA was 

performed to screen for human hepatocyte engraftment. Animals were then subcutaneously 

injected with 10 mg/kg NTC(n=3) or Dgat2-1473 (n=3) and sacrificed after 1 week on 

chow diet. Human and mouse specific qpcr primers were used to assess the transcript 

levels. 

2.6 Histological Analysis 

For the immunohistochemistry (IHC), one lobe of the liver was fixed in 4% 

paraformaldehyde and embedded in paraffin. Sectioned slides were then stained with 

trichrome, and type I collagen (Southern Biotech Cat.No. 1310-01) at the UMass Medical 

School Morphology Core. Photos from the liver sections were taken with an Axiovert 35 

Zeiss microscope (Zeiss) equipped with an Axiocam CCI camera at the indicated 

magnification. 
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2.7 RNA Isolation and RT-qPCR 

Frozen liver tissue punches (25-50 mg) were homogenized in trizol using the Qiagen 

TissueLyser II. Chloroform was added to the homogenate and centrifuged for 15 min at 

max speed. The clear upper layer was added to an equal volume of 100% isopropanol and 

incubated for 1 hour at 4º C. After 10 min of centrifugation at max speed, the supernatant 

was discarded and 70-75% ethanol was added to wash the pellet. After 15 min 

centrifugation at max speed, the supernatant was discarded, and the pellet was briefly dried 

in the hood before being resuspended in ddH2O. RNA concentration was then measured 

by the Thermo Scientific NanoDrop2000 spectrophotometer. cDNA was synthesized from 

1 µg of total RNA using iScript cDNA Synthesis Kit (BioRad, Cat.No.1708890) and 

BioRad T100 thermocycler. Quantitative RT-PCR was performed using iQ SybrGreen 

Supermix(BioRad Cat.No. 1708880) on the BioRad CFX96 C1000 Touch Thermal Cycler. 

18S served as a housekeeping gene for analysis.  

2.8 In vitro screening of chemically modified siRNAs 

The initial in vitro screening was carried out by plating 10K cells/well in a 96 well plate. 

The cells were treated with the candidate compounds in final concentration of 1.5 µM. 

Cells were treated for 72 hours at 37 ºC, 5% CO2 in 3% FBS F-12K medium. After 72 

hours, mRNA levels were quantified using the QuantiGene 2.0 assay kit (Affymetrix, 

QS0011). Cells were lysed in 300 µL diluted lysis mixture composed of one-part lysis 

mixture (Affymetrix, QG0503), 2 parts H2O, and 0.167 µg/µL proteinase K 

(ThermoScientific, EO0491) for 1 hour at 55 ºC. Cell lysates were mixed thoroughly, and 

20 µL/well of each lysate was added to the capture plate with 60 µL diluted lysis mixture 
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without proteinase K. Probe sets for Dgat2 and Hprt (Affymetrix; 80246, 80003) were used 

according to the manufacturer’s recommended protocol. Datasets were normalized to Hprt. 

The dose response investigation was done using serially diluted doses of the two candidate 

compounds (1.500, 0.750, 0.375, 0.188, 0.094, 0.047, 0.023, 0.012 µM), each condition in 

triplicate and QuantiGene 2.0 Assay was carried out. 

2.9 Immunoblotting 

For protein expression analyses, frozen liver tissue (~25 mg) was homogenized by the 

Qiagen TissueLyser II in a sucrose buffer (250 mM sucrose, 50 mM tris-Cl pH 7.4) with 

1:100 protease inhibitor (Sigma-Aldrich Cat.No.P8340). The tissue lysates were denatured 

by boiling, separated on a 4-15% sodium dodecyl sulfate/ polyacrylamide gel 

electrophoresis gel and transferred to a nitrocellulose membrane. The membrane was 

blocked with Tris-buffered saline with Tween (TBST) containing 5% milk for 1 hour at 

room temperature and incubated with primary antibodies; DGAT2 (generously provided 

by Farese & Walther Lab, Harvard), histone H3(#4499), β-actin(#4970) purchased from 

Cell Signaling, Srebp1c antibody (#MABS1987)purchased from Millipore, type I collagen 

antibody(#1310-01)  purchased from Southern Biotech and Chrebp antibody (NB400-135) 

purchased from Novus Bio. The blot was washed in TBST for an hour, incubated at room 

temperature with corresponding second antibody at room temperature for 30 min, washed 

again, and incubated with ECL (Perkin Elmer, NEL103E001EA) and visualized with the 

ChemiDox XRS+ image-forming system. 
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2.10 Nuclear Extraction Protocol 

A 50 mg sample of frozen liver tissue was homogenized in cold DPBS with 1:100 protease 

inhibitor in the Qiagen TissueLyser II for 3 min. The protocol from NE-PER(Thermo 

#78833) nuclear and cytoplasmic extraction kit was modified slightly for frozen tissue 

samples. The sample was then centrifuged at 1850 x g for 15 min. The fat cake was 

discarded, and the supernatant was saved as the cytoplasmic fraction. The pellet was 

resuspended in 500 µL CER I buffer with 1:100 protease inhibitor and incubated for 10 

min. After incubation, 55 µL of CER II buffer was added and then centrifuged at 14000 x 

g for 5 min. The supernatant was discarded, and the pellet was resuspended in 250 µL NER 

buffer with 1:100 protease inhibitor and vortexed every 10 min for a total of 40 min. The 

supernatant was then collected as the nuclear fraction. 

2.11 Plasma Measurements 

Alanine Transaminase quantification was determined using the Alanine Transaminase 

Colorimetric Activity Assay Kit from Cayman Chemical(#700260) following the user 

manual using plasma collected via eye bleed prior to sacrifice. Absorbance was read by the 

Tecan safire2 microplate reader. 

2.12 Triglyceride Quantification 

Triglyceride quantification was determined using the Triglyceride Colorimetric Assay Kit 

from Cayman Chemical(#10010303) following the user manual with minor modification 

such as starting with a 50 mg sample of frozen liver tissue and read-out absorbance was 

measured by the Tecan safire2 microplate reader. 
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2.13 RNAseq Analysis 

Ten-week-old genetically obese ob/ob male mice (n=4/group) were injected 

subcutaneously with either non targeting control NTC (10mg/kg) or Dgat2-1473 

(10mg/kg) and provided a NASH-inducing diet (GAN diet) for 3 weeks. After 3 weeks 

mice were sacrificed. Total RNA samples were isolated from whole liver tissues from the 

studies and sent out for next-gen RNA sequencing. PolyA selection of mRNA species was 

used for the method of rRNA removal. The depth of the sequencing was 20-30 million 

reads/sample. The RNASeq pipeline in DolphinNext170,171 was used to convert the fastq 

files into gene counts.  The three parts of that pipeline which were used were the FastQC, 

trimmomatic172, and RSEM modules. 

1- FastQC (v0.11.8) was used to verify the quality of the data. 

2- trimmomatic  (v0.39) was used to improve the analysis by removing Illumina adapter 

sequences via the ILLUMINACLIP:<fastaWithAdaptersEtc>:<seed 

mismatches>:<palindrome clip threshold>:<simple clip threshold>:<minAdapterLength> 

option. Specifically, we specified 

ILLUMINACLIP:GATCGGAAGAGCACACGTCTGAACTCCAGTCA,GATCGGAA

GAGCGTCGTGTAGGGAAAGAGTGT,AATGATACGGCGACCACCGAGATCTAC

ACTCTT:2:30:5:10 

3- RSEM (v1.2.28) was used to align the fastq reads (using –star for the STAR aligner) 

and quantify the gene expression levels. 
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The resulting estimates for gene expression were passed to DEBrowser.umassmed.edu.  

Within DEBrowser data was first filtered to eliminate genes whose expression level did 

not get above 10 in any sample and then DESeq2173  was called to determine differentially 

expressed (DE) genes, using an adjusted p-value of 0.05 as the cutoff and requiring at least 

a 1.5-fold change, up or down. 

The list of DE genes was then analyzed with using the enrichGO function in the 

clusterProfiler package.  It was used with options ont="BP”, pAdjustMethod="fdr", 

pvalueCutoff=0.05, universe=default, and  minGSSize=20. The pathways were simplified 

using its simplify function with options of cutoff=0.75, by="pvalue", select_fun=min.  This 

was followed by manually specified merging of similar pathways to produce heatmaps. 

The presence of siRNA seed complementarity (6-mer complementary to siRNA AS strand 

positions 2-8) in all genes with annotated 3′-UTRs in Ensembl GRMCm38.p6 annotations 

was determined with a custom Python script. siRNA seed enrichment in downregulated vs 

unchanged transcripts was calculated using a Fisher Exact Test. Data was plotted using 

Matplotlib. 

2.14 Lipidomics 

Lipid species were analyzed using multidimensional mass spectrometry-based shotgun 

lipidomic analysis174. In brief, each liver tissue sample homogenate containing 0.5 mg of 

protein which was determined with a Pierce BCA assay was accurately transferred to a 

disposable glass culture test tube. A pre-mixture of lipid internal standards (IS) was added 

prior to conducting lipid extraction for quantification of the targeted lipid species. Lipid 
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extraction was performed using a modified Bligh and Dyer procedure175 , and each lipid 

extract was reconstituted in chloroform:methanol (1:1, v:v) at a volume of 400 µL/mg 

protein. 

For shotgun lipidomics, lipid extract was further diluted to a final concentration of ~500 

fmol total lipids per µL. Mass spectrometric analysis was performed on a triple quadrupole 

mass spectrometer (TSQ Altis, Thermo Fisher Scientific, San Jose, CA) and a Q Exactive 

mass spectrometer (Thermo Scientific, San Jose, CA), both of which were equipped with 

an automated nanospray device (TriVersa NanoMate, Advion Bioscience Ltd., Ithaca, NY) 

as described176. Identification and quantification of lipid species were performed using an 

automated software program177. Data processing (e.g., ion peak selection, baseline 

correction, data transfer, peak intensity comparison and quantitation) was performed as 

described 177. The results were normalized to the protein content (nmol lipid/mg protein). 

2.15 Software & Statistics 

All statistical analyses were performed using the GraphPad Prism 8 (GraphPad Software, 

Inc.). The data are presented as mean ± SEM. For analysis of the statistical significance 

between four or more groups, two-way ANOVA and multiple comparison t tests were used. 

Ns is nonsignificant (p > 0.05), *:p < 0.05, **:p < 0.005, and ***:p < 0.0005. 

2.16 Data Availability  

The RNA sequencing data generated in this study have been deposited in GEO with 

accession number: GSE178987 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE178987) 
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Chapter III: Results 

3.1 Screening of chemically modified siRNAs targeting both human and mouse Dgat2 

transcripts. 

The chemical modifications and their locations among the nucleotides in the RNA 

compounds used in this study are shown in Table 3.1. The chemically modified siRNAs 

are asymmetric compounds composed of 18-nucleotide, modified RNA duplexed with a 

single-stranded 3’, 2-base extension on the guide strand. Modifications at the 2’OH 

position of ribose in the siRNA are modified with 2′-O-methyl or 2′-fluoro to provide 

stability, and the 3′ end of the passenger strand is conjugated to a hydrophobic cholesterol 

through a tetraethylene glycol linker to promote membrane binding. The single-stranded 

tail also contains phosphorothioate linkages to promote cellular uptake by a mechanism 

similar to that of ASOs. The above chemical modifications contribute to overall 

hydrophobicity and are essential for compound stabilization and efficient cellular 

internalization. The construct used for the in vitro screening in is conjugated to cholesterol 

for added hydrophobicity. Such hydrophobic siRNAs have been shown to bind to a wide 

range of cells and are readily internalized without the requirement of a transfection reagent.  

To identify the siRNA sequences that have strong and potent silencing capability in vitro, 

several test sequences targeting different regions of mouse Dgat2 mRNA were generated 

by a custom algorithm137,150–153 designed to optimize predicted silencing efficiency of 

chemically modified RNAs (Figure 3.1A). Of the sequences identified, only those 

predicted to silence  
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both mouse and human Dgat2 mRNA were then selected. This panel of siRNAs was 

synthesized and initially screened for silencing efficacy in FL83B mouse hepatocytes by 

their direct addition to the culture medium to a final concentration of 1.5 µM.  Silencing 

effects on levels of Dgat2 mRNA and housekeeping (Hprt) gene mRNA after 72 h of 

treatment was performed with the QuantiGene assay.  Five siRNAs were identified (Table 

3.1) that effectively reduce mouse Dgat2 transcript in the mouse cell line compared to 

untreated control (Figure 3.1B). Additionally, to confirm the activity of the best two hits 

from previous mouse cell line screening against human DGAT2 transcript, human HepG2 

cell lines were treated with these two siRNAs (denoted 1473 and 1476) with final 

concentration of 1.5 µM (Figure 3.1C). Further, to investigate the potency of 1473 and 

1476 that showed the highest activity in this initial screening, a dose response relationship 

assay was carried out with HepG2 cells treated with 8 concentrations of either compound 

1473 or 1476 (1.5 µM to 0.023 µM) for 72 h. These potency tests revealed IC50 values of 

174 nM and 205 nM for siRNAs 1473 and 1476 for silencing human DGAT2 mRNA, 

respectively (Fig 3.1D).  

3.2 Strength and potency of silencing with GalNAc conjugated 1473 in vivo. 

Next, the in vivo silencing capability and longevity of siRNA1473 were investigated. For 

this, non-targeting control siRNA (NTC) and siRNA 1473 were synthesized and 

conjugated to a GalNAc construct136,140,142,148,149,178 for liver targeting as shown in Figure 

3.2A. Groups of 8 week old wild type male C57BL6/J mice fed with chow diet were 

subcutaneously injected once with either NTC (10mg/kg) or various concentrations of 

Dgat2-1473  (1 mg/kg, 3 mg/kg, 10 mg/kg) and were sacrificed 4, 8 and 12 weeks after  
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the singe injection (Figure 3.2B). Strikingly, at the 10mg/kg dose of Dgat2-1473, silencing 

of Dgat2 mRNA in liver was nearly complete (87%, p:0.0001) at 4 weeks and remained 

strong at 8 weeks and 12 weeks (79%, p<0.0001) post single injection. Even at 3mg/kg, 

Dgat2-1473 provided 73% (p;0.0002) silencing at 4 weeks and 60% (p:0.0013) at 8 weeks 

post-injection. The lowest dose of 1mg/kg Dgat2-1473 caused only about 50% (p:0.02) or 

less silencing in the 4 to 8-week time period post-injection and this was lost by 12 weeks 

(Figure 3.2B).   

While loss of DGAT2 protein by itself is expected to greatly decrease triglyceride synthesis 

and accumulation in liver, it has been previously reported that DGAT2 depletion also 

causes a surprising decrease in expression of enzymes in the de novo fatty acid synthesis 

pathway. Moreover, this extended transcriptional effect of DGAT2 loss was attributed to 

decreased Srebp1c, a transcription factor that controls expression of enzymes involved in 

fatty acid metabolism. It is not known how Dgat2 silencing leads to loss of Srebp1c. We 

therefore investigated this extended effect of DGAT2 in the above experiment and could 

confirm a strong reduction in expression of de novo lipogenic genes such as fatty acid 

synthase (Fasn) and stearoyl-CoA desaturase-1 (Scd1) (Figure 3.2C). In addition, 

expression of Srebp1c mRNA was blunted, consistent with the previous work, suggesting 

important signaling mechanisms at play in response to DGAT2 loss.  
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3.3 Dgat2-1473 silencing in human hepatocytes engrafted in a mouse model. 

Since Dgat2-1473 was designed to silence Dgat2 mRNA in both human and mouse cells, 

it was important to determine if this predicted dual targeting actually occurs in vivo.  We 

employed a “humanized” immunocompromised mouse model (NSG-PiZ) that takes 

advantage of a genetic modification that blunts the mouse hepatocytes’ ability to regenerate 

following injury, and therefore provides an advantage for engrafted normal human 

hepatocytes to predominate. Four-week-old NSG-PiZ male mice that had been 

intravenously treated with a monoclonal mouse specific anti-Fas antigen (CD95) antibody 

(2 µg) were injected with one million human hepatocytes into the spleen. After 5 weeks on 

chow diet, a human serum albumin ELISA was performed to validate the human 

hepatocyte engraftment. Animals were then subcutaneously injected once with 10 mg/kg 

NTC or Dgat2-1473 and sacrificed after 1 week on chow diet (Figure 3.3A). Human and 

mouse transcript-specific qPCR primers were used to assess the Dgat2 mRNA levels in 

total RNA samples isolated from livers of these mice. The results shown in Figure 3 

demonstrate that Dgat2-1473 provided substantial silencing of both mouse (Figure 3.3B) 

and human (Figure 3.3C) DGAT2 mRNA levels by 85% in the livers of the human 

hepatocyte-engrafted NSG-PiZ mice. 

3.4 Testing of Dgat2-1473 in a genetically obese NASH mouse model. 

We next investigated whether Dgat2 silencing has a beneficial effect in the livers of a 

severe obese, NASH mouse model. Male ob/ob mice were subcutaneously injected with 

the either NTC (10mg/kg) or Dgat2-1473 (10mg/kg) and fed with Research Diet 

D09100310 (GAN diet) to induce NASH. After 3 weeks, the mice were sacrificed,  
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and the tissues were harvested (Figure 3.4A). The virtually complete DGAT2 protein 

knockdown in the livers of the Dgat2-1473 treated mice was documented by 

immunoblotting (Figure 3.4B) and Dgat2 mRNA loss was confirmed by qPCR (Figure 

3.4C). The bodyweights of the mice at the start and the end of the study revealed decreased 

weight gain in the Dgat2-1473 injected group (Figure 3.4D). H&E staining of liver sections 

from these mice showed that the Dgat2-1473 injected group had fewer and smaller lipid 

droplets compared to the control NTC group (Figure 3.4E). This was also supported by a 

significantly lower liver weight-to-bodyweight ratio (Figure 3.4F) and lower triglyceride 

content per gram of tissue (Figure 3.4G) in the livers of the Dgat2-1473 injected group. 

Thus, the decreased liver triglyceride and liver weights in the Dgat2-1473 treated, obese 

mice can account for much or all of the loss of bodyweight in these mice.  

3.5 RNA-sequencing and lipidomic analysis in livers of NASH mice injected with 

Dgat2-1473. 

To investigate the transcriptional changes in the ob/ob NASH mice subcutaneously injected 

either with NTC or Dgat2-1473, total RNA was isolated from the livers of these mice and 

assessed for changes in gene expression profiles by RNA sequencing. A poly A selection 

of mRNA species was used for rRNA removal to enrich our dataset. Principle component 

analysis (PCA) for RNA-seq showed a clear segregation and clustering of NTC and Dgat2-

1473 injected groups (Figure 3.5A). Next, it was important to assess the possible off-target 

silencing of Dgat2-1473. For that, the seed enrichment p-value was calculated using a 

Fisher’s exact test comparing the prevalence of the seed (guide 2-8) target in the 3’ UTR 

of genes that were downregulated to the prevalence of the seed target in the 3’ UTR of  
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genes that were not downregulated. The analysis revealed that Dgat2-1473 did not elicit 

detectable off-target silencing among all the reads that were collected by RNA-seq (Figure 

3.5B). 

To better visualize the upregulated (Figure 3.6) and downregulated (Figure 3.7) 

differentially expressed genes and pathways, heatmaps were generated. The data generated 

by RNAseq was first filtered to eliminate genes whose expression level was not above 10 

reads in any sample and then DESeq2 was employed to determine differentially expressed 

(DE) genes, using an adjusted p-value of 0.05 as the cutoff and requiring at least a 1.5-fold 

change, up or down. The list of DE genes was then analyzed using the enrichGO function 

in the clusterProfiler package. The pathways were analyzed using the simplify function 

with options of a p-value cutoff of 0.05.  This was followed by manually specified merging 

of similar pathways to produce heatmaps. DE genes were clustered according to the 

pathways they were involved in and the pathways displayed on the left column alongside 

the heatmap. Color scheme for the DE gene presentation was produced by Z-scoring 

method (-2 to +2 standard deviation from the mean). In these heat maps, differentially 

expressed genes were clustered depending on the pathways that are shown in a color-coded 

manner. This analysis revealed 34 upregulated (Figure 3.6) and 43 downregulated (Figure 

3.7) pathways that are significantly altered in the livers of ob/ob NASH mice treated with 

Dgat2-1473. 
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Next, a closer look was taken at the fatty acid metabolism pathway-related genes in livers 

of ob/ob NASH mice injected with either NTC or Dgat2-1473. Major genes that play a role 

in fatty acid biosynthesis were downregulated significantly, indicated by black arrows on 

the pathway heat map such as Chrebp, Fasn, Acly, Elovl6 (Figure 3.8A). Changes in the 

expression of genes either controlling or within the de novo lipogenic pathway, such as 

Srebp1c, Srebp2, Fasn, Scd1, Chrebp, were confirmed with qPCR analysis. Importantly, 

although the DNL related genes such as Fasn and Scd1 were downregulated, the gene 

expression of transcription factor Srebp1c did not change in the livers of ob/ob mice that 

were fed with GAN diet and treated with Dgat2-1473 compared to the control NTC injected 

group (Figure 3.8B). This differs from what was observed in lean mice, as noted above 

(Figure 3.8C), and in previous reports. Further, a remarkable correlation between 

downregulation of DNL gene expression and the decrease in processed, nuclear Srebp1c 

protein levels (Figure 3.8C) was detected. In addition, protein levels of the transcription 

factor Chrebp, known also to regulate genes in the lipogenic pathway, were reduced in 

correlation with Srebp1c processing (Figure 3.8D).  Noteworthy is the fact that it has been 

reported that Chrebp expression is strongly correlated with Srebp1c processing in liver. 

Further, a lipidomics analysis was done to investigate the changes in the levels of lipid 

intermediates upon Dgat2 silencing in liver. Mass spec data showed significant reduction 

in diglyceride (DAG) levels (Figure 3.9A), total triglyceride (TG) (Figure 3.9B) and levels 

of some of the specific TG species (Figure 3.9C)  in Dgat2-1473 injected group. 

Additionally, total fatty acyl chain levels on TGs are also dramatically reduced (Figure 
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3.9D),. And most strikingly, phosphatidylcholine levels were significantly increased in the 

Dgat2-1473 injected group(Figure 3.9E).  

Additionally, the investigation of other major metabolic pathways such as acyl-CoA 

metabolism (Figure 3.10A), cholesterol metabolism (Figure 3.10B) and carbohydrate 

metabolism (Figure 3.10C) showed that Dgat2 silencing in the liver of ob/ob NASH mice 

resulted in downregulation of major genes that play a role in the biosynthesis of the 

metabolites in these pathways (Black arrows). 
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3.6 Liver inflammation and fibrosis in Dgat2-1473 treated NASH mice 

To investigate the inflammation and fibrosis states in our NASH mouse model, the 

histological presence of collagen fibers in liver sections from ob/ob NASH mice injected 

with NTC vs. Dgat2-1473 were assessed by both trichrome staining and 

immunohistochemistry analysis for type 1 collagen. The histological analysis revealed no 

significant alleviation of fibrosis in the livers of Dgat2-1473 injected ob/ob NASH mice 

(Figure 3.11A). The collagen protein levels in the livers were measured by immunoblotting 

and this analysis also showed no significant difference in Dgat2-1473 injected mice (Figure 

3.11B). The extent of hepatocyte cell death and damage as assessed by plasma ALT activity 

also indicated no difference due to the Dgat2-1473 treatment (Figure 3.11C). Finally, the 

gene expression levels of genes in the inflammation and fibrosis pathways, such as Mcp1, 

IL1b, Opn, Timp1, Acta2, Col1a1, showed no improvements in Dgat2-1473 injected ob/ob 

NASH mice compared the NTC injected ob/ob NASH mice (Figure 3.11D). 
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Chapter IV: Discussion 

A major finding of this study is the identification and characterization of Dgat2-1473, a 

therapeutically promising chemically modified siRNAs targeting Dgat2 mRNA in liver. 

This compound was derived from screening chemically modified siRNAs sequences 

complementary to both mouse and human Dgat2 in a mouse hepatocyte cell line, revealing 

that at 1.5uM the 1473 sequence caused 95% silencing of Dgat2 mRNA and in human 

hepatocyte cell line it exhibited an IC50 of less than 200nM (Figure 3.1).  Remarkably, a 

single subcutaneous injection of Dgat2-1473 at 10mg/kg elicited a 79% loss of Dgat2 

mRNA for at least 12 weeks in the livers of male C57BL/6J mice (Figure 3.2B), which is 

the longest duration of silencing by single dosing of a chemically modified siRNAs or ASO 

reported in mice94,143,144,179,180. Dgat2-1473 was also effective in silencing human DGAT2 

mRNA in a “humanized” mouse model (Figure 3.3). Dgat2-1473 embodies many 

advancements in applying chemical modifications into native siRNA, including 2’ ribose 

modifications, a 5′-(E)-vinylphosphonate moiety and phosphorothioate linkages, which 

result in greater stability and potency of silencing compounds.119,136,137,140–

142,144,149,151,153,181–183 A particularly important feature of Dgat2-1473 is the pattern of 2-O-

methyl and fluoro modifications at the 2’ribose positions, which are designed to optimize 

stability without compromising silencing potency by using limited 2’fluoro content 

119,136,137,140–142,144,149,151,153,181–183. It has been shown that the higher 2’-OMe / 2’-F content 

ratio results in higher potency of chemically modified RNAs181–183. These improvements 
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in chemical modification patterns for siRNA have enabled FDA approval of the first RNAi 

therapeutics and potentially open the way for many others in the future. Considering the 

comparatively long-lasting efficacy duration of current GalNac-conjugated 

oligonucleotide therapeutics in human trials versus their relatively short-lived effects in 

mouse studies97,138,146,147,156, our Dgat2-1473 compound may also be expected to elicit long 

term silencing with single administration in humans. 

An important question we addressed is whether the strong siRNA-mediated silencing that 

is observed in livers of lean mice is attenuated in fatty livers with damaged, inflamed 

hepatocytes and increased fibrotic extracellular matrix, as occurs in human NASH. For this 

purpose, we used an extremely obese, steatotic mouse model in which mice reach 50g or 

more in body weight (Figure 3.4D) with heavy liver fibrosis (Figure 3.10A) during the 

course of a short study.  A single injection of Dgat2-1473 indeed did achieve a similar 

strong and potent silencing of liver Dgat2 in this ob/ob NASH model (Figures 3.4B&C). 

Importantly, such silencing of liver Dgat2 by Dgat2-1473 in mice caused the expected 

marked inhibition of hepatic TG levels and alleviation of hepatic steatosis as measured by 

histology (Figure 3.4G). This level of liver TG reduction is similar to what has been 

reported in rodent models with liver-specific DGAT2 KO63 , AAV-shRNA silencing of 

Dgat295 , silencing of Dgat2 with ASOs93,94,97  or inhibition of DGAT2 with a small 

molecule inhibitor95,96.  These data show that not just prevention but actual reversal of 

hepatic steatosis occurs upon DGAT2 loss, as the obese mice that were treated with Dgat2-

1473 in this study were already afflicted with severe hepatic steatosis and metabolic 

syndrome (Figure 3.4). The large attenuation of liver TG levels and liver weight (Figure 
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3.4) in these Dgat2-1473-injected mice were indeed sufficient to account for the reduced 

bodyweight gain in this group compared to mice treated with NTC (Figure 3.4D).  Taken 

together, Dgat2-1473 is effective at both strong Dgat2 silencing and alleviation of hepatic 

steatosis (NAFLD) in an extreme model of mouse obesity and NASH. 

A previous unexpected finding associated with hepatic DGAT2 loss was an apparent 

decrease in de novo lipogenesis (DNL) based on greatly decreased expression of genes 

encoding enzymes such as Fasn and Scd1 in this pathway63,93,96,184.  This phenomenon was 

linked to a reduction in expression of Srebp1c, encoding a key transcription factor that 

regulates genes related to lipid synthesis and metabolism. While we did not observe this 

effect in our obese NASH mouse model, conversion of unprocessed cytosolic Srebp1c 

protein to its transcriptionally active fragment that translocated to the nucleus was greatly 

inhibited. This conversion is catalyzed by proteolytic cleavage (proteases S1P and S2P) in 

the Golgi membrane, preceding translocation of the cleaved protein into the nucleus to 

regulate lipid metabolism-related gene expression. Our data (Figure 3.8) thus reveal a 

powerful mechanism to explain the connection between DGAT2 loss and the 

downregulation of many genes that control lipid synthesis.  

Adding to a role for Srebp1c processing in how Dgat2 silencing causes marked decreases 

in expression of genes that control many metabolic pathways is our finding that ChREBP 

expression is also downregulated in the Dgat2-1473-treated obese mice. The essential role 

of ChREBP in lipid metabolism has been investigated in rodents by gene deletion185 and 

silencing with adenovirus186 as well as ASO187 . In summary, these published studies 

showed that ChREBP is required for the increased lipogenic gene expression exemplified 
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by Fasn, Scd1 and ACC in response to high carbohydrate intake. It also has been shown 

that ChREBP plays an important role in enhancing both Srebp1c gene expression and 

processing by an unknown mechanism188. This downregulation of ChREBP protein 

expression strongly correlated with decreased processed Srebp1c, suggesting that the 

downregulation of DNL gene expression upon Dgat2 silencing 93–95,97, deficiency63, or 

inhibition95,96 is closely linked to these changes in the major transcription factors 

controlling lipid metabolism (Figures 3.8C&D).  In contrast to a previous study in a 

different mouse model, we did not observe a decrease in Srebp1c mRNA in the ob/ob-

GAN diet model even though we did detect a similar downregulation of DNL genes in the 

Dgat2-1473-injected group(Figure 3.8A&B). However, we unexpectedly observed a 

marked inhibition by Dgat2-1473 of the processing of Srebp1c leading to a decreased level 

of transcriptionally active fragment (Figure 3.8C).  

Although this thesis has not answered how this reduction of Srebp1c processing might 

happen conclusively, the lipidomics data we obtained (Figure 3.9), PC measurements 

specifically, allow us to make comments on the subject. In a previous report, a genetically 

driven reduction of PC levels induced the processing of cytosolic Srebp1c and therefore 

the lipid synthesis189. In our case, we saw a remarkable increase in PC levels (Figure 3.9E) 

in the Dgat2-1473 injected group and this may lead to the lower levels of processing of 

Srebp1c protein. This might be due to disruption of the golgi membrane in Dgat2 depleted 

livers or high PC levels might affect the localization or activity of the proteases responsible 

for Srepb1c processing, S1P and S2P. Therefore, further analysis of localization of S1P 
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and S2P proteases as well as membrane integrity of organelles such as golgi and ER are 

needed to answer the question of how.   

Another possibility that might have led to decreased Srebp1c processing is the reduction in 

S1P activation. It has been reported that S1P protease is activated via caspase-2 cleavage190. 

It has been shown caspase-2 is upregulated in NASH in response to ER stress and it controls 

Srebp1c processing and therefore lipogenic gene expression via cleavage and activation of 

S1P protease190. More in dept analysis on mature/active caspase-2 protein levels as well as 

ER stress related gene expression need to be done to investigate whether this might be the 

explanation.   

A critical question in liver metabolism is whether the hepatic steatosis in NAFLD is 

sufficient to drive the inflammation and fibrosis that develops in NASH independent of 

any other factors in obesity that might directly activate Kupffer or stellate cells. This 

unresolved issue raises another crucial question related to strategies for drug development 

against NASH: might hepatic steatosis as sole therapeutic target be effective in alleviating 

NASH? In the studies presented here, the marked reduction in hepatic steatosis did not 

prevent the development of inflammation and fibrosis in the livers of Dgat2-1473 injected 

ob/ob mice on the GAN diet according to the parameters we looked at. Our assessments of 

inflammation and fibrosis in this rapid extensive NASH model showed no significant 

change in collagen accumulation (Figures 3.11A&B), plasma ALT levels (Figure 3.11C) 

or in expression of genes in the inflammation pathway (Figure 3.11D). There are 

conflicting reports in the literature about the effect of Dgat2 silencing or inhibition on 

inflammation and fibrosis pathology in liver93,95–97,168. One study showed that DGAT2 loss 
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actually elevated inflammation and fibrosis in the livers of MCD diet-fed mice in which 

NASH is induced rapidly168. Another study showed no change in plasma ALT levels in 

placebo versus Dgat2 targeting ASO-treated human subjects97. On the other hand, a small 

molecule inhibitor of DGAT2 elicited alleviation of high plasma ALTs and ASTs in early 

human clinical trials. However, based on the modest size and time frame of this latter study, 

further work will be needed to confirm these findings96. It is possible that mouse models 

do not exactly reflect the mechanisms at play in the human liver physiology of NASH.  

In summary, the present studies have yielded a promising siRNA compound, Dgat2-1473, 

which is highly effective in alleviating NAFLD in a model of extreme obesity in mice. 

Silencing Dgat2 expression by Dgat2-1473 is long lasting after a single subcutaneous 

injection and leads to strong downregulation of fatty acid synthesis as well as triglyceride 

synthesis in liver. Our data also indicate that attenuating NAFLD alone may not be fully 

effective in alleviating the inflammation and fibrosis in NASH, and that targeting multiple 

pathways in parallel may be necessary for optimal therapeutic effect.  

4.1 Limitations of the study 

 One of the biggest obstacles in the NASH preclinical field is the lack of trustworthy animal 

models that can precisely mimic human disease. The diet models usually take too long and 

at the end only very mild to no fibrosis is present. To overcome this, we developed a rapid 

NASH model where we used older genetically obese mice and fed them a GAN diet (high 

fat-cholesterol-fructose diet) and confirmed that they develop significant NASH after 3 

weeks of the diet. This model seems to mimic human NASH more than other models due 
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to the presence of obesity as well as metabolic syndromes such as strong insulin resistance, 

hyperglycemia, and hyperinsulinemia. However, this is a very extreme metabolic model 

where mice do not stop eating. Our mouse model presents another flaw in that it is a genetic 

model of leptin deficiency where lack of leptin itself may have impacts on whole-body 

metabolism191. Although the general outcomes and phenotype in terms of NASH in this 

mouse model are similar to the human disease state, the majority of humans do not have 

leptin deficiency. 

Another caveat of the study is the length of the study. As intended, our NASH mouse model 

is a very rapid one, and we reported the short-term effects of depletion of DGAT2 by 

Dgat2-1473 treatment in obese mice. Although we reported a remarkable decrease in liver 

fat content, our conclusion in terms of fibrosis might differ with a long-term study. This 

could be due to not clearing steatosis to a full extend. Although the depletion of DGAT2 

certainly did not prevent the development of fibrosis, maybe in the long term, it could show 

some differences.  

4.2Future directions 

In this study, we have answered a crucial question: might hepatic steatosis as a sole 

therapeutic target be effective in alleviating NASH? We concluded that improving hepatic 

steatosis is not sufficient to prevent fibrosis in our rapid NASH model. Thus, as a next step 

to address the unmet medical need for NASH therapeutics, we shall target gene(s) that play 

roles in inflammatory and fibrotic mechanisms in liver. These targets will be selected in a 

more immune cell- and/or stellate cell-centered thinking. The next steps of this thesis will 
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be carried out with two parallel projects; the first is to identify new potential targets and 

carry on with the development of chemically modified siRNAs against them, and the 

second will be the selection of already known targets in the field that are in 

inflammatory/fibrotic pathways and development of chemically modified siRNAs against 

them.  

The identification of new targets in the inflammatory and fibrotic pathways initially will 

be carried out using human RNAseq databases from NASH patients. Additionally, to 

perform a single-cell RNAseq analysis from human liver tissues collected from NASH and 

healthy patients will be invaluable for the identification of stellate cell-specific targets. 

Once the most promising target(s) is selected, siRNAs against these target(s) will be 

developed and tested in our preclinical NASH models in combination with Dgat2-1473.  

And as an additional target identification strategy, various GWAS database which used 

different parameters such as overall disease states like NAFLD and/or NASH progression8–

10,14,15 versus more specific parameters in liver injury192 such as ALT, AST, will be assessed 

and verified via liver-specific KO or KD models.   

For the further development and optimization of Dgat2-1473, it needs to be tested in 

different animal models such as obesity models in pigs and non-human primates. The 

primary end goals of these larger animal studies will be twofold:  low toxicity/ high 

tolerance to the compound and improved fatty liver phenotypes. 
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