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Abstract 

Oxidized phospholipids are a diverse class of molecules that have been 

implicated in nearly all pathologies involving oxidative stress. Here, we will 

examine the role of oxidized phospholipids in a murine model of non-alcoholic fatty 

liver disease as well as investigate the complexity of the oxophospholidome in 

critically ill patients.  

In the first part of this dissertation, we developed an AAV8-mediated gene 

therapy to express a neutralizing antibody fragment against oxidized 

phospholipids. We inoculated mice either prophylactically or after the development 

of hepatic steatosis and were able to neutralize plasma oxidized 

phosphatidylcholine (OxPC) species, lowering their concentrations, as well as 

protect mice from developing hepatic steatosis or hepatic fibrosis. In the second 

part of this dissertation, we identified and quantified OxPC species present in 

plasma of critically ill patients. We determined concentration ranges of individual 

OxPC species and discovered that classes of OxPC species associated with 

unique clinical parameters suggesting specific roles of OxPC species in different 

pathologies.  

In conclusion, we have developed a suite of tools to interrogate the role of 

OxPCs in vivo directly which will provide novel insight into the function of OxPCs 

in diverse pathologies.   
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Chapter 1: Introduction 
Phospholipids are a fundamental necessity for life and are evolutionarily 

conserved across all phyla. They exhibit incredible flexibility in their function 

ranging from physical barriers separating “us” from “not us” as demonstrated by 

phospholipid monolayer and bilayer membranes to highly specific signaling 

molecules like phosphatidyl inositol species. Despite their remarkably diverse 

functions, phospholipids that are composed of unsaturated fatty acids are subject 

to environmental conditions that can result in the formation of oxidized 

phospholipids. The remainder of this introduction will be dedicated to 

understanding how oxidized phospholipids form, how they are reduced in vivo, 

their role in physiology and pathology, and recent approaches developed to study 

their effects in vivo.  

1.1 - What are oxidized phospholipids? 
Oxidized phospholipids (OxPLs) are comprised of a glycerol backbone that 

contains two acyl-chains in the sn-1 and sn-2 positions and a phosphate head 

group in the sn-3 position (1). Typically, the sn-2 position contains an unsaturated 

acyl-chain that is susceptible to oxidation. The sn-3 position contains a 

phosphodiester head group that can include phosphatidyl -choline (PC), -

ethanolamine (PE), -serine (PS), -inositol (PI), -glycerol (PG), and phosphatidic 

acid (PA). For the sake of this dissertation, I will primarily focus on PC, PE, and 

PS species; however, all phospholipids, and further, any lipids, containing an 

unsaturated acyl chain are susceptible to oxidation independent of head group. 

Oxidation of phospholipids can occur through free radical-mediated oxidation or 
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enzyme catalyzed oxidation. Oxidation products that arise from these initial 

oxidation events can be further functionalized and ultimately decompose via Hock 

rearrangement to form truncated oxidized phospholipids liberating bioactive, 

aldehydic compounds like 4-hydroxynonenal (4-HNE) and malondialdehyde 

(MDA) (2).   

1.2 - How do they form? 

1.2.1 - Free radical-mediated oxidation 

Halliwell and Gutteridge defined a free radical as any molecule with an 

orbital containing an unpaired electron (3). By this definition, the life-sustaining 

molecular oxygen we have evolved to require is a free radical in its ground state. 

Endogenous free radicals can be generated in many different cellular 

compartments including by the mitochondrial electron transport chain that converts 

glucose and fatty acids to ATP, NADH, and metabolites leading to generation of 

the free radical superoxide (O2-). Consequently, biological organisms are 

constantly bombarded by free radicals and have evolved mechanisms to combat 

the oxidation process which will be discussed later in this chapter. Free radical 

oxidation can occur within nearly every class of biomolecules from complex 

superstructures like DNA, RNA, and protein to simple molecules like lipids and 

metabolites (1).  

Here, we will focus exclusively on the free radical oxidation of unsaturated 

lipid compounds. Free radical oxidation of polyunsaturated fatty acids (PUFAs) is 

a two-step process that starts with initiation (3). This occurs when a free radical 

molecule like a hydroxyl radical reacts with an α or β hydrogen from the methylene 
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group in one of the double bonds of a PUFA (3). The methylene radical generated 

by this process is highly reactive and can then react with molecular oxygen 

resulting in a radical, peroxy lipid completing the initiation phase (3). At this point, 

the peroxy lipid radical can then propagate the chain reaction to other compounds 

in close proximity. In many cases this includes other PUFA in adjacent 

phospholipids and proceeds through the mechanism described previously, 

resulting in a non-radical lipid peroxide species and an acyl chain containing a 

radical methylene group. Therefore, one might imagine that low concentrations of 

radicals are sufficient to initiate and further propagate super-stoichiometric lipid 

oxidation resulting in a “chain reaction.”  

Upon abstraction of the subsequent hydrogen by a peroxy lipid radical, the 

non-radical lipid peroxide can give rise to numerous lipid oxidation products that 

are classified as full-length lipid oxidation products (1). Lipid peroxide species are 

susceptible to further oxidation and may further participate in propagation of the 

chain reaction resulting in a single lipid with multiple peroxide species present (4). 

Lipid peroxides can be reduced to the alcohol by enzymatic or non-enzymatic 

mechanisms (1). Additionally, through autooxidation lipid peroxides can cyclize 

and form epoxides, isoprostane-like compounds, and cyclic endoperoxides (5, 6). 

Endoperoxides can further decompose to form the lipid oxidation byproduct MDA 

(2). Phospholipids may be oxidized by other free radical species like reactive 

nitrogen species, but that is beyond the scope of this introduction and will not be 

discussed here (7).  
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1.2.2 – Enzymatic Oxidation 

In addition to free radical mediated oxidation, phospholipids can be oxidized 

by direct enzymatic mechanism. Lipoxygenase family enzymes act on 1,4 

pentadiene motifs and oxidized lipids to form hydroperoxide containing 

phospholipids which can decompose through the mechanisms described 

previously resulting in formation of a chemically diverse set of OxPLs (8).  

1.2.3 – Hock rearrangement  

Formation of truncated oxidized phospholipids occurs through Hock 

rearrangement, also known as the cumene process (9). In this process, organic 

peroxides react to form a truncated oxidized phospholipid species that are 

oxidatively modified with either an aldehyde or carboxylic acid. As a byproduct of 

this reaction both 4-HNE and MDA can be liberated depending on the starting 

PUFA (1).  

1.3 – How are OxPLs reduced in vivo?  

 Once synthesized, bioactive OxPLs can regulate numerous cellular and 

physiological processes (see section 1.4). Mechanisms have evolved to limit 

rampant oxidation of phospholipids in vivo. Compared to the external environment, 

the internal milieu of a cell is shifted to favor reduction. When this balance is shifted 

toward an oxidizing environment electrophilic compounds like truncated OxPLs are 

generated and can covalently modify Kelch-like ECH-associating protein 1 

(KEAP1), disrupting the inhibitory action of KEAP1 on the transcription factor 

nuclear factor erythroid 2-related factor 2 (NRF2) and allowing its translocation to 

the nucleus (10). NRF2 regulates expression of a host of genes involved in redox 
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homeostasis and promotes expression of an antioxidant and reducing gene 

program (11). Electrophilic activation of NRF2, upregulates expression of 

reductases that use NADPH and NADH to maintain a delicate redox balance (12). 

Additionally, NRF2 activation regulates glutathione production, a tripeptide that is 

used by the cell as a reducing agent to maintain redox homeostasis (13).  

Glutathione is a co-factor for the class of enzymes known as glutathione 

peroxidases (GPx) that were first discovered in 1957 (14). Reduction of linolenic 

acid hydroperoxide by a GPx was the first evidence that the GPx family could 

reduce a wide variety lipid hydroperoxides using glutathione as a substrate (15). 

Recent work has demonstrated that GPx4 is responsible for reduction of lipid 

hydroperoxides to their cognate alcohols (16). Recently, GPx4 has been implicated 

as key regulator of the iron-dependent cell death, ferroptosis (17, 18). 

Consequently, GPx4-mediated reduction and subsequent detoxification of 

oxidized phospholipid is an essential pathway for clearance of potential damaging 

OxPLs. 

In addition to direct enzymatic reduction of OxPLs, phospholipase-mediated 

cleavage of oxidatively modified phospholipids serves to detoxify damaged 

phospholipids. Lipoprotein-associated phospholipase A2 (Lp-PLA2 or PAF-AH) 

has been shown to cleave oxidatively modified fatty acids in the sn-2 position of 

oxidized phospholipids, and the ablation of Lp-PLA2 exacerbated CCl4-induced 

oxidative damage (19-21).   
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Recently, it has been shown that a single chain variable fragment of the 

natural IgM mouse antibody, E06 (scFV-E06) is sufficient to protect mice from 

atherosclerosis, NAFLD, CCl4-induced hepatic fibrosis, and age-related loss in 

bone density (22-25). It has been demonstrated that E06 can bind OxPC species 

in vitro and evidence suggests that expression of scFv-E06 neutralizes plasma 

OxPCs as there is a reduced signal when assessed with an E06-based ELISA 

assay (22, 24, 26). The work disclosed in this dissertation will demonstrate direct 

evidence of a reduction in plasma OxPC species in response to expression of 

scFv-E06 (27). 

1.4 – OxPLs in physiology and pathology 

Given the large number of possible acyl-chain combinations and the 

numerous oxidative derivatizations, the possible number of endogenous OxPLs is 

vast, and consequently, OxPLs have been demonstrated to regulate an array of 

biological processes (1). OxPLs have been described as danger-associated 

molecular patterns (DAMPs) and been shown to regulate endothelial barrier 

function, as well as immune cell migration, activation, and metabolism in the 

context of obesity and atherosclerosis (28-38) . As a DAMP, OxPLs have been 

demonstrated to bind CD14 and CD36 and regulate whole body responses to 

endotoxemia and septic challenge (36-41). Additionally, OxPLs have been 

implicated in processes as fundamental as cell death, including apoptosis, 

caspase 11-dependent inflammasome-mediated pyroptosis, and redox-mediated 

ferroptosis (42-46).  
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In the following sections, I will highlight some of the many pathologies and 

cellular processes in which OxPLs play a role.  

1.4.1 – Atherosclerosis 

 Oxidized phospholipids were discovered on minimally modified (oxidized) 

low density lipoproteins (MM-LDL) and shown to be a bioactive component of MM-

LDL  (28). MM-LDL has been shown to be a risk factor in cardiovascular disease 

and coronary heart disease (47). The mechanism through which oxidized LDL 

(OxLDL) exacerbates CVD and CHD have been explored extensively. Previous 

work has demonstrated that OxLDL can accumulate in the sub-endothelial space 

resulting in activation of endothelial cells, smooth muscle cells, and macrophages 

(48). OxLDL accumulation results in increased inflammatory tone and promote 

monocyte endothelium interactions (49). Additionally, OxLDL promotes foam cell 

macrophage formation by promoting increased expression of CD36, a class B 

scavenger receptor that binds γ-keto/hydroxy phospholipids (37, 50).  

 Lipoprotein (a) (Lp(a)) has been identified as a carrier of oxidized 

phospholipids and can contain the apoplipoprotein apoB-100 (51). Elevated Lp(a) 

is a risk factor for atherosclerosis as well as other vascular pathologies including 

calcific aortic stenosis and coronary artery disease (51-56). Nevertheless, the 

specific role of Lp(a) bound OxPLs in disease progression remains unclear.   

1.4.2 – Blood 

 In addition to its role in atherosclerosis, MM-LDL has been show to activate 

platelets resulting in platelet aggregation which could not be rescued by 

antioxidants like α-tocopherol (Vitamin E) and probucol (57). Previously, it has 
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been shown that treatment of platelet activating factor acetylhydrolase (PAF-AH) 

ablated the effect of MM-LDL suggesting that platelet activating factor or lipid 

species structurally similar, for which PAF-AH is promiscuous, is the bioactive 

component promoting platelet aggregation (20). PAF-acetylhydrolases are a small 

family of enzymes that exhibit sn-2 specific lipase activity (58). While the canonical 

substrate of PAF-AH is the potent prothrombotic platelet activating factor, it has 

been demonstrated that oxidative modification of sn-2 acyl chain promotes 

promiscuous hydrolysis of aldehyde- and carboxylic acid-modified truncated 

OxPLs resulting in MM-LDL lipid remodeling (19, 20). In fact, PONPC was 

hydrolyzed with nearly identical efficiency compared to PAF by PAF-AH (19).  

CD36-/- mice on a Western diet exhibited blunted platelet activation 

suggesting that CD36 is necessary for a complete thrombotic response in the 

context of hyperlipidemia (38). Podrez et. al. demonstrated that CD36 ligands like 

hydroxyoctadecadienoic acid-PC (HODA-PC), but not 1-palmitoyl-2-(5'-oxo-

valeroyl)-sn-glycero-3-phosphocholine (POVPC), were sufficient to promote 

human platelet fibrinogen activation and platelet P-selectin expression in vitro (36-

38). Irreversible pharmacological inhibition of PAF-AH resulted in an increase in 

truncated OxPL species including bona fide CD36 ligands in vitro (59).  

In addition to the role of CD36 ligands to thrombus formation, recent work 

has demonstrated a role for full-length OxPL species. ALOX12-/- and ALOX15-/- 

mice exhibited impaired venous coagulation assessed by tail bleed compared to 

WT controls (60). Application of 12-hydroxyeicosatetraenoic acid-PE (12-HETE-

PE) liposomes rescued coagulation demonstrating that full-length hydroxy-
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modified phospholipids are necessary for a complete thrombotic response (60). 

Additionally, 5-, 12-, and 15-HETE-PE and -PC were all sufficient to induce 

thrombin formation in vitro with PC isomers demonstrating a higher potency (60). 

The mechanism through which these OxPL species promote coagulation is not 

clear, but it has been proposed that incorporation of these lipid species into the 

membrane permits Ca2+ membrane association and supports phosphatidyl serine 

dependent activation of clotting factors (60). Interestingly, the more potent HETE-

PC species refute the previously accepted “Anything But PCs” hypothesis as 

important lipid mediators in PS-dependent clotting cascade activation (60, 61). 

Remarkably, these lipid species were also sufficient to restore thrombin 

formation in plasma from patients with Factor VIII (Hemophilia A), Factor IX 

(Hemophilia B), or Factor XI deficiency (62). 9-, 12-, and 15-HETE-PLs were more 

effective at enhancing coagulation which suggests some isomeric selectivity (62).  

These findings demonstrate a critical role of OxPLs in coagulation and 

further exemplify why it is necessary to elucidate the role of individual OxPL 

species. Moreover, it confirms that OxPL should not solely be consider “bad” lipids, 

but rather, their functions should be considered within each biological context. 

1.4.3 – Polarization of macrophages 

 OxPLs can be recognized as DAMPs by toll-like receptor 2 and 4 (TLR2 

and TLR4) to regulate macrophage function. Kadl et. al. demonstrated that 

treatment of bone-marrow derived macrophages (BMDMs) with oxidized 1-

palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine (OxPAPC) polarized 

BMDMs to a unique Mox phenotype. This phenotype was characterized be 
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decreased phagocytosis and chemotaxis commiserate with an upregulation of 

NRF2-dependent gene programs (32). They further determined that approximately 

one third of macrophages present in atherosclerotic lesions from mice resemble 

this phenotype (32).  

Further investigation revealed that polarization of BMDMs to an Mox 

phenotype resulted in a significant increase in reducing potential most likely 

through metabolic rewiring to promote production of glutathione from glutamate at 

the expense of ATP production (34, 63). Additionally, resident adipose tissue 

macrophages phenocopy Mox polarized BMDMs suggesting that OxPLs present in 

healthy adipose tissue promote a homeostatic, redox-regulatory tissue resident 

macrophage (64).   

1.4.4 – Bone  

 Age-related bone loss has been associated with increased lipid 

peroxidation and oxidative stress. Bone density is regulated by the antagonistic 

function of osteoblasts and osteoclasts present within the bone. Recent work has 

also suggested that osteal macrophages which are typically found in close 

proximity with osteoblasts also regulate bone density (65). The number of 

osteoblasts and osteoclasts present in the bone as well as the osteoblast and 

osteoclast surface area to bone area are reduced in response to aging (25). 

Likewise bone formation rate to bone surface area (BFR/BS) is significantly 

decreased in aged mice (25). Expression of scFv-E06 and neutralization of 

oxidized phospholipids resulted in increased in BFR/BS rate in both young and 

aged mice. This is most likely due to significant decrease in osteoclast number and 
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surface area in mice expressing scFv-E06 compared to their littermate controls 

(25). Interestingly, ovariectomized mice were not protected from a loss in bone 

density by expression of scFv-E06, which implies a separate, OxPL-independent 

regulation of bone density (25).  

 Consequently, this strongly suggests OxPLs play a role in regulating 

osteoblast and osteoclast differentiation. RNA-seq analysis of vertebrae from 

scFv-E06 expressing mice showed a significant increase in genes involved in Wnt 

signaling as well as genes involved in osteoblast differentiation and survival, 

mesenchymal proliferation, bone mineralization, and extracellular matrix 

organization (25). It has been demonstrated that OxPLs can inhibit osteoblast 

differentiation and survival (66). Indeed, previous work has demonstrated that 

treatment of either osteoblast or osteoclasts with oxidized FFAs like 9-HODE, 12-

HETE, 13- HODE, 15-HETE, as well as the lipid oxidation byproduct 4-HNE inhibit 

osteoblastogenesis and Wnt signaling while promoting osteoblast and -clast 

apoptosis in vitro (66). Additionally, both OxLDL and OxPLs like POVPC and 1-

palmitoyl-2-glutaryl phosphatidylcholine (PGPC) have been shown to be ligands 

for low-density of lipoprotein receptor related protein 6 (LRP6) which is a co-

receptor for Wnt signaling. LRP6 cell surface expression in mesenchymal stromal 

cells (MSCs), progenitors for osteoblast and osteoclasts, significantly impaired 

MSCs response to osteogenic factors (67).   

1.4.5 – Eye  

 Recent work has demonstrated that OxPC species are present in both rat 

and human aqueous humor (68). Truncated OxPC species POBPC, POVPC, 
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PONPC, PMPC, PGPC, and PazPC were significantly upregulated in a rat model 

of uveitis (68). Human aqueous humor was collected from patients with cataracts 

with or without concomitant uveitis (68). Patients with uveitis exhibited an increase 

in truncated OxPCs that reflected what was observed in rats (68). Additionally, 

treatment of a retinal pigment epithelial cell line (ARPE-19) revealed that the 

commercially available truncated OxPC species POVPC, PGPC, PONPC, and 

PazPC were cytotoxic (68).  

 Similarly, an increase in PGPC and POVPC in retinal pigment epithelial 

cells in response to Alu RNA was reported in a model of geographic atrophy which 

is a form of age-related macular degeneration (69). This increase may exacerbate 

macular degeneration through numerous possible cytotoxic mechanisms like non-

canonical inflammasome activation or ferroptosis (44, 69). Additionally, this 

suggests that OxPLs may serve as critical mediator of eye pathologies and may 

provide a potential therapeutic target for inflammatory or aged-related ocular 

pathologies.   

1.4.6 – Lung 

 The lung epithelium must constantly protect itself from a pro-oxidizing 

environment. In addition to constant exposure to molecular oxygen and ozone, the 

lung epithelium must also contend with oxidizing environmental pollutants. 

Pulmonary epithelium and pulmonary vascular endothelium are essential for 

proper lung function, and loss of barrier function is a hallmark of many lung 

pathologies including acute lung injury, idiopathic pulmonary fibrosis, pathogen 

infection, and sepsis (70-72)  
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Oxidized phospholipids both protect and exacerbate loss of lung barrier 

function depending on the type of OxPL present. Full-length OxPCs have been 

shown to protect lung barrier function likely through many different mechanisms of 

action including indirectly inhibiting TLR signaling in the context of a sterile 

inflammation and non-sterile S. aureus infection (73, 74) and stabilization of tight 

junction and adherens junction interactions through a RAC1/CDC42 dependent 

mechanism (75-78).  

Conversely, truncated OxPL species have been shown to be detrimental in 

the context of lung injury. Truncated OxPC species like POVPC and PGPC have 

been shown to significantly decrease endothelial barrier function assessed by 

transendothelial electrical resistance by inducing hyperphosphorylation of VE-

cadherin at Tyr658 and Tyr731 (79). Both phosphorylation sites are necessary for VE-

cadherin function in formation of adherens junctions (80). Interestingly, truncated 

OxPCs are increased in the lungs of aged mice and predisposes them to a more 

severe response to LPS induced acute lung injury likely due to increased 

pulmonary vasculature permeability (81).   

This poignant dichotomy between full-length and truncated OxPC species 

effects in the lung should be noted. It is not sufficient to consider OxPCs as simply 

a group of similarly acting molecules. To fully understand the complex role of OxPC 

species in vivo it is necessary to consider species with different functional groups 

separately, if not each individual lipid species.  
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1.4.7 – Liver 

 Recent work has demonstrated a role for oxidized phospholipids in 

nonalcoholic fatty liver disease. Expression of a single chain variable fragment of 

E06 (scFv-E06), a natural IgM antibody that binds oxidized phosphatidylcholines 

phospholipids, via the ApoE promoter protected Ldlr-/- mice from developing diet-

induced hepatic steatosis (22). Further work demonstrated that expression of 

scFv-E06 protected mice from carbon tetrachloride-induced hepatic fibrosis and 

decreased incidence of liver tumors. Sun et. al. showed that expression of scFv-

E06 decreased inflammatory tone resulting in reduced levels of blood cytokines 

like RANTES, M-CSF, and TNFα, and also demonstrated an increase in Tim4+ 

Kupffer cells, the liver resident macrophage (24). They further demonstrate that 

aldehyde containing oxidized phospholipids, specifically POVPC, can form an 

adduct with proteins like manganese superoxide dismutase (MnSOD) and result 

in impaired mitochondrial membrane potential and function (24). This may 

contribute to and exacerbate genesis and perpetuation of nonalcoholic fatty liver 

disease (24).  

1.4.8 – Apoptosis, Pyroptosis, and Ferroptosis 

 Oxidized phospholipids are enriched in blebs from cells undergoing 

apoptosis and promote endothelial-monocyte interactions mediate clearance of 

activated endothelial cell (82). PS is externalized in response to loss of flipase 

activity during apoptosis. Studies have shown that selective oxidation of 

externalized PS is required for clearance of apoptotic cells by macrophages in a 

CD36-dependent manner (42, 43, 83).  
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 Recent work has demonstrated that exposure to OxPAPC is sufficient to 

induce caspase-11 mediated activation of the inflammasome resulting in interlukin-

1 β release; however, OxPAPC induced inflammasome activation does not result 

in pyroptosis (44, 84).  

 Lastly, OxPLs have been implicated as a central regulator of an iron-

mediated form of cell death, ferroptosis (17). Ferroptosis is driven by excess 

oxidative stress promoting rampant oxidation of plasma membrane phospholipids 

and culminated in loss of membrane integrity and cell death. Arachidonic acid and 

adrenic acid PEs are preferentially oxidized during ferroptosis though exact 

mechanism through which OxPEs facilitate ferroptotic cell death remains an open 

question (42, 45).  

1.5 – Conclusion 
 Oxidized phospholipids are involved in a wide host of biological processes 

and consequently are fundamental to our full understanding of many pathologies. 

To date, there have been few tools to effectively study this class of lipids in vivo as 

conventional molecular genetics and pharmacology cannot effectively produce 

“oxidized lipid knockout models.”  

The recent development of the scFv-E06 expressing mouse provided the 

first tool to directly assess the role of OxPLs in physiology and pathology in vivo 

and resulted in a renaissance of high impact papers demonstrating the role of 

OxPC species in atherosclerosis and non-alcoholic fatty liver disease.  

In this dissertation, we developed a viral vector to express scFv-E06 in a 

therapeutic capacity and an analytical approach to identify and quantify oxidized 
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phospholipids present in plasma and tissue. This vector combined with our 

analytical approach has opened the door to explore the role of individual oxidized 

phospholipid species in the development and progression of many different 

pathologies for the first time.  
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Chapter 2: Targeting oxidized phospholipids by AAV-based gene 
therapy in mice with hepatic steatosis prevents progression to 
fibrosis 
2.1 – Abstract 

Oxidized phosphatidylcholines (OxPC) are implicated in chronic tissue 

damage. Hyperlipidemic LDL-R-deficient mice transgenic for an OxPC-recognizing 

IgM fragment (scFv-E06) are protected against non-alcoholic fatty liver disease 

(NAFLD). To examine the effect of OxPC elimination at different stages of NAFLD 

progression, we utilized cre-dependent, adeno-associated virus serotype 8-

mediated expression of the single chain variable fragment of E06 (AAV8-scFv-

E06) in hepatocytes of albumin-cre mice. AAV8-induced expression of scFv-E06 

at the start of FPC diet protected mice from developing hepatic steatosis. 

Independently, expression of scFv-E06 in mice with established steatosis 

prevented the progression to hepatic fibrosis. Mass-spectrometry-based 

oxophospholipidomics identified individual OxPC species that were reduced by 

scFv-E06 expression. In vitro, identified OxPC species dysregulated mitochondrial 

metabolism and gene expression in hepatocytes and hepatic stellate cells. We 

demonstrate that individual OxPC species independently affect disease initiation 

and progression from hepatic steatosis to steatohepatitis, and that AAV-mediated 

expression of scFv-E06 is an effective therapeutic intervention. 

2.2 – Introduction 

Non-alcoholic fatty liver disease (NAFLD) is a multi-stage disease that 

affects approximately 30% of the global population (85, 86). Hepatic steatosis is 
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the hallmark of NAFLD, which in a subset of patients will progress into non-

alcoholic steatohepatitis (NASH). Steatosis can arise as a result of caloric 

overload, which dysregulates hepatocyte bioenergetics and metabolism (87), 

increases reactive oxygen species (ROS) (88) and hepatic triglyceride 

accumulation (89, 90), resulting in organ damage indicated by elevated plasma 

alanine aminotransferase (ALT) and aspartate aminotransferase (AST) (88, 91-

95). The culmination of multiple hepatic insults leads to the development of NASH, 

which is characterized by inflammation (96) and activation of hepatic stellate cells, 

ultimately leading to irreversible hepatic fibrosis (96-101). In the absence of FDA-

approved pharmacological interventions and suitable biomarkers for NASH, there 

is an urgent need for new therapeutic and diagnostic tools (102).  

Excess radical oxygen species (ROS) generation in steatotic livers leads to 

the formation of lipid oxidation products, including oxidized phosphatidylcholines 

(OxPCs) (32, 36, 39, 103). Free radical- and enzymatically-driven oxidation of 

polyunsaturated fatty acids contained in phospholipids forms chemically unique 

classes of oxidized species whose location and chemical functionalization dictate 

the regulation of specific cellular responses, including endothelial barrier integrity 

(29, 74, 81, 104, 105); immune cell migration (31), activation (32, 103), and 

metabolism (34); bone homeostasis (106); and regulated cell death (43, 45). 

Consequently, OxPCs are thought to play a central role in acute pathologies such 

as sepsis (39), lung injury (81, 104, 107), as well as in chronic diseases including 

those of the metabolic syndrome (24, 64). Moreover, plasma levels of OxPCs,  as 

measured by reactivity with E06, a natural IgM that binds oxidized 
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phosphorylcholine (54), predict severity of human carotid and femoral 

atherosclerosis (26). 

Recent work from the Witztum laboratory has demonstrated that 

constitutive transgenic expression of a single chain variable fragment of E06 (scFv-

E06) protects hypercholesterolemic Ldlr-/- mice from diet-induced HS and 

subsequent NASH (22, 24, 26). While these studies demonstrated that targeting 

OxPCs in general is sufficient to improve clinical outcomes in a mouse model of 

chronic disease, the identity of individual OxPC species that are eliminated by 

scFv-E06 in vivo remains unknown. Furthermore, it is unknown whether OxPC 

sequestration by scFv-E06 is sufficient to independently halt the progression to 

NASH and the transition to hepatic fibrosis, and it is necessary to identify the 

cellular targets and the pathological mechanisms by which OxPCs drive hepatic 

steatosis and fibrosis.  

Here, we show that adeno-associated virus serotype 8-mediated hepatic 

expression of scFv-E06 (AAV8-E06) eliminates defined plasma OxPC species 

derived from oxidation of 1-palmitoyl-2-arachidonoyl-sn-3-choline (PAPC) and 1-

palmitoyl-2-linoleoyl-sn-3-choline (PLPC), which protects mice from diet-induced 

hepatic steatosis. Identified OxPC species regulate hepatocyte gene expression 

and shift cellular metabolism toward a bioenergetically impaired state, which 

results in reduced oxygen consumption and increased lipid droplet accumulation. 

Moreover, intervention with AAV8-scFv-E06 in mice with established hepatic 

steatosis prevents the progression to NASH and hepatic fibrosis. OxPC species 

that were reduced during the progression phase regulate hepatic stellate cell 
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bioenergetics and gene expression. Together, we identify specific pathology-

driving OxPC species in plasma that may be used as non-invasive biomarkers to 

diagnose distinct stages of NAFLD, and we demonstrate efficacy of AAV8-

mediated gene transfer of scFv-E06 as an intervention-based therapeutic measure 

that attenuates the initiation of hepatic steatosis and the progression to fibrotic 

steatohepatitis in mice.  
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2.3 – Results 

2.3.1 – Development of cre-dependent adeno-associated virus serotype 8 
expression of scFv-E06 in a diet-induced murine model of NAFLD 

Previous reports demonstrated that constitutive transgenic expression of 

scFv-E06 via the Apoe promoter protected Ldlr-/- mice fed a high cholesterol diet 

from hepatic steatosis and ensuing steatohepatitis (22, 24). To investigate the 

effect of scFv-E06 at different stages of disease progression and to establish a 

therapeutic approach utilizing virus-mediated gene transfer of scFv-E06, we 

developed an adeno-associated virus serotype 8 construct containing a myc- and 

6xHis-tagged scFv-E06 flanked by double-inverse orientation flox sites (AAV8-

scFv-E06) for cre-dependent expression (Figure 1A). Speer6-ps1Tg(Alb-cre)21Mgn/J 

(Alb-cre) mice, which express Cre recombinase specifically in hepatocytes, were 

injected via tail vein with AAV8-scFv-E06 or a control AAV8 expressing green 

fluorescent protein (AAV8-GFP). Viral transduction resulted in incorporation of the 

scFv-E06 vector predominantly in the liver, and to some extent in adipose tissue, 

kidney, and spleen, while it was not detected in the heart or lungs (Figure 1B). 

Messenger RNA and protein expression of scFv-E06 was restricted to the liver, 

demonstrating that expression was dependent on cre-recombinase (Figure 1C, 

1D). Interestingly, scFv-E06 protein was secreted into the plasma with detectable 

levels as early as 10 days after AAV administration (Figure 1J).  

AAV8-mediated hepatic expression of scFv-E06 had no observable effect 

on total body weight, and liver, gonadal adipose tissue, heart, kidney, or spleen 

mass (Figure 2A-F). There were also no differences in levels of ALT (Figure 1E) 

and AST (Figure 1F) in plasma, or esterified (Figure 1G), free (Figure 1H), and 
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total cholesterol (Figure 1I) in livers of mice given AAV8-scFv-E06 compared to 

AAV-GFP controls. Taken together, these data demonstrate that AAV8-mediated 

hepatic expression of scFv-E06 in mice leads to accumulation of scFv-E06 protein 

in the liver and plasma without inducing overt physiological changes.  

Using a high fructose, palmitate, and cholesterol (FPC) diet supplemented 

with 4.2% sugar water (55/45% glucose/fructose) we establish a progressive 

model NAFLD defined by distinct stages of hepatic steatosis and subsequent 

inflammation and fibrosis (108). These stages were evident in histopathological 

assessment of livers from mice fed FPC-diet compared to chow-fed controls 

(Figure 2G-J). This allowed us to assess the impact of scFv-E06 expression at 

different stages of NAFLD progression.  
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Figure 1. Virus-mediated gene transfer for cre-dependent expression of 
scFv-E06 in a murine model.   
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Figure 1. Virus-mediated gene transfer for cre-dependent expression of 
scFv-E06 in a murine model.  
(A) Schematic of experimental design. Mice were injected via tail vein with AAV8-

E06 or AAV-GFP and fed chow diet for 6 weeks (Created with BioRender.com). 

Viral transduction of AAV8-scFv-E06 were assessed by (B) PCR of genomic DNA 

and (C) RT-PCR of mRNA. scFv-E06 expression in the (D) liver was confirmed via 

western blotting six weeks post injection. Vinculin was used as a loading control. 

There were no significant changes in (E) ALT, (F) AST, (G) esterified, (H) free, and 

(I) total liver cholesterol between scFv-E06 and GFP expressing mice (AAV8-GFP 

– n=5; AAV8-E06 – n=6). (J) scFv-E06 was detectable in plasma 12 days post-

injection and remained elevated after six weeks. Non-specific IgG heavy chain 

staining was used as a loading control. Statistical significance was determined by 

Student’s T-test (*=p<0.05). 
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Figure 2. Adeno-associated virus serotype 8 scFv-E06 and FPC diet 
verification.  
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Figure 2. Adeno-associated virus serotype 8 scFv-E06 and FPC diet 
verification. 
Mice were injected with either AAV8-GFP or AAV8-E06. There were no differences 

in (A) body mass, or mass of (B) liver, (C) gonadal white adipose tissue, (D) heart, 

(E) kidney, and (F) spleen (AAV8-GFP – n=5; AAV8-E06 – n=6). Mice injected with 

AAV8-GFP were fed chow or FPC diet for 6 or 20 weeks and histopathological 

assessment of (G) percent steatosis, (H) necroinflammatory foci, (I) hepatocellular 

ballooning, and (J) fibrosis was performed by a clinical pathologist. Statistical 

significance was determined by 2-way ANOVA (*=p<0.05, ****=p<0.0001). 
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2.3.2 - Prevention of hepatic steatosis by expression of scFv-E06 

To determine whether induced expression of scFv-E06 could be used as a 

therapeutic approach to prevent hepatic steatosis in mice, we inoculated Speer6-

ps1Tg(Alb-cre)21Mgn/J (Alb-cre) mice via tail vein with AAV8-scFv-E06 or AAV8-GFP 

two weeks before feeding mice FPC diet for six weeks to induce hepatic steatosis  

(Figure 3A). After 6 weeks, we confirmed expression of myc-tagged scFv-E06 in 

the liver by Western blot (Figure 3B), and mRNA by qRT-PCR in the liver (Figure 

4A) and confirmed detectable titers of scFv-E06 in the plasma by ELISA (Figure 

3C). scFv-E06-expressing mice exhibited no difference in weight gain compared 

to GFP-expressing mice over six weeks (Figure 4B); however, scFv-E06 

expression reduced body fat percentage starting at four weeks on FPC diet (Figure 

4C). FPC diet feeding increased liver and adipose mass; however, there was no 

difference in organ mass between GFP and scFv-E06 expressing mice (Figure 4D-

I). Histological assessment of liver sections by H&E or Oil red O staining revealed 

that treatment with AAV8-scFv-E06 reduced hepatic tissue damage and lipid 

accumulation compared to GFP controls (Figure 3D). Hepatic triglyceride levels 

were significantly reduced in scFv-E06-expressing mice and negatively correlated 

with hepatic mRNA expression of scFv-E06 (Figure 3E,F). Moreover, plasma ALT 

(Figure 3G) and AST (Figure 3H) levels were significantly decreased in mice 

expressing scFv-E06, while alkaline phosphatase, cholesterol, low-density and 

high-density lipoprotein cholesterol, plasma triglycerides, albumin, and total 

protein were unchanged (Figure 4J-R). These data demonstrate that AAV8-
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mediated expression of scFv-E06 protects mice from diet-induced hepatic lipid 

accumulation and liver damage. 

Previously published studies have demonstrated that constitutive scFv-E06 

expression reduced overall plasma reactivity with IgM E06(22, 24), indicative of 

reduced OxPC levels in plasma. However, the identity of OxPC species that are 

reduced by scFv-E06 expression, and the degree of reduction remains unknown.  

To identify OxPC species that are affected by scFv-E06 in plasma, we used 

an in silico platform, LPPTiger (109), to predict structures of possible oxidation 

products that can be generated from oxidation of 1-palmitoyl-2-arachidonyl-sn-

glycero-3-phosphocholine (PAPC) and 1-palmitoyl-2-linoleoyl-sn-glycero-3-

phosphocholine (PLPC). We then validated predicted OxPC species by ESI-LCMS 

using air- or copper (I) chloride-oxidized PAPC (OxPAPC) and PLPC (OxPLPC) 

(Figure 5A, B), which resulted in validation of 48 PAPC- and 35 PLPC-derived 

oxidized individual analytes or groups of isobaric compounds (Figure 3I,J). Next, 

we assessed the presence of validated compounds in the plasma of GFP- or scFv-

E06-expressing mice after six weeks on FPC diet (Figure 5C, D). We identified 23 

individual OxPC species and isobaric groups containing OxPCs, and 6 non-

oxidized PC and lyso-PC species in mouse plasma. Levels of non-oxidized PCs 

and lyso-PCs were not different in GFP- and scFv-E06-expressing mice; however, 

all identified OxPC species, including truncated and full-length OxPCs, were 

markedly decreased in plasma of mice expressing scFv-E06 (Figure 3K). A similar 

pattern was observed in the liver; however, the differences in OxPC species were 

less pronounced between the two groups (Figure 4S). 



29 
In the plasma, the truncated and full-length OxPCs that were significantly 

decreased in scFv-E06-expressing mice included several previously described 

biologically active compounds containing specific functional groups: among 

decreased truncated OxPC species were γ-keto/hydroxy OxPCs (m/z 650) (36, 

37), the aldehyde-containing 1-palmitoyl-2-(5′-oxo-valeroyl)-sn-glycero-3-

phosphocholine (m/z 594, POVPC) (28), the 4-carbon aldehyde 1-palmitoyl-2-(4’-

oxo-butanoyl)-sn-glycero-3-phosphocholine (POBPC, m/z 580) (68), the 8-carbon 

aldehyde 1-palmitoyl-2-(8’-oxo-octanoyl)-sn-glycero-3-phosphocholine (m/z 636), 

the 9-carbon aldehyde 1-palmitoyl-2-(9’-oxo-nonanoyl)-sn-glycero-3-

phosphocholine (m/z 650) (110, 111), as well as carboxylic acid-containing 1-

palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine (PazPC, m/z 666)(111, 112) 

(Figure 3K).  

  



30 

Figure 3. Virus-mediated hepatic expression of scFv-E06 prevented 
development of diet induced hepatic steatosis.  
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Figure 3. Virus-mediated hepatic expression of scFv-E06 prevented 
development of diet induced hepatic steatosis.  
(A) Schematic of experimental design. Mice were injected via tail vein with AAV8-

E06 or AAV8-GFP 2 weeks prior to the start of 6-week FPC-diet challenge 

(Created with BioRender.com). (B) scFv-E06 protein expression in mouse liver 

eight weeks after injection. (C) scFv-E06 titer concentrations were estimated in 

plasma by competitive sandwich ELISA. (D) Hematoxylin and eosin and Oil Red 

O staining revealed decreased hepatic lipid burden in mice expressing scFv-E06 

and was confirmed by (E) quantification of hepatic triglycerides (GFP – n=6, scFv-

E06 – n=5). (F) Hepatic triglyceride concentrations negatively correlated with 

hepatic mRNA expression of scFv-E06 (scFv-E06 – n=5). scFv-E06 expression 

protected mice from diet-induced liver toxicity resulting in significantly lower (G) 

ALT and (H) AST (GFP – n=6, scFv-E06 – n=6). (I) Schema demonstrating 

strategy for mass spectrometry method development and validation. (J) 48 

analytes/isobaric groups from PAPC and 35 analytes/isobaric groups from PLPC 

were validated. (K) Both truncated and full-length OxPC species were significantly 

reduced in mice expressing scFv-E06 (GFP – n=7, scFv-E06 – n=6). Statistical 

significance was determined by 2-way ANOVA, Spearman’s Rank Correlation, and 

Student’s T-test (*=p<0.05). 
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Figure 4. Characterization of mice treated with AAV8-scFv-E06 after six 
weeks of FPC diet.  
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Figure 4. Characterization of mice treated with AAV8-scFv-E06 after six 
weeks of FPC diet.  
Speer6-ps1Tg(Alb-cre)21Mgn/J mice were injected with AAV8-GFP or AAV8-scFv-E06. 

Two weeks after injection, mice were fed FPC diet for six weeks (FPC AAV8-

GFP, n=7; FPC AAV8-E06, n=6). (A) scFv-E06 mRNA expression was 

significantly increased in mice injected with AAV8-scFv-E06 (AAV8-GFP – n=6; 

AAV8-E06 – n=6). (B) Body mass (FPC AAV8-GFP, n=7; FPC AAV8-E06, n=6) 

and (C) body fat percentage (FPC AAV8-GFP, n=6; FPC AAV8-E06, n=6) were 

recorded weekly. While there was no difference in body mass, there was a 

significant decrease in body fat percentage between FPC diet-fed mice 

expressing scFv-E06 compared to mice expressing GFP after four weeks on diet. 

There was significant increase in body fat percentage between chow fed and 

FPC diet-fed mice after six weeks. After six weeks, mouse plasma was collected, 

and hepatic function and lipid profile were measured. (D-I) There were no 

significant differences in organ mass between AAV8-GFP and AAV8-scFv-E06 in 

either chow-fed or FPC-fed mice (FPC AAV8-GFP, n=7; FPC AAV8-E06, n=6). 

There was no significant difference in (J) alkaline phosphatase, (K) cholesterol, 

(L) LDL cholesterol, (M) HDL cholesterol, (N) LDL/HDL ratio, (O) cholesterol/HDL 

ratio, (P) triglycerides, (Q) albumin, and (R) total protein in the plasma of FPC 

diet-fed mice expressing scFv-E06 compared to GFP-expressing mice (AAV8-

GFP – n=6; AAV8-E06 – n=6). (S) Truncated and full-length OxPCs extracted 

from liver tissue demonstrate a similar pattern to that observed in the plasma. 

Statistical significance was determined by 1-way and 2-way ANOVA and 

Student’s T-test. Multiple comparisons were corrected by Dunnet or Tukey 
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multiple comparisons correction (*=p<0.05, **=p<0.01, ***=p<0.001, 

****=p<0.0001). Statistical outliers were excluded based on the ROUT test 

(Q=5%). 
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Figure 5. Oxidation and detection of oxidation products of PAPC and PLPC.  
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Figure 5. Oxidation and detection of oxidation products of PAPC and PLPC.  
Oxidized phospholipids were prepared for LCMS by in vitro oxidation. (A) PAPC 

was oxidized by air for 7-10 days. (B) PLPC was oxidized by Fenton-like copper 

reaction for 18 hours. (C) Schematic of chromatography for analysis mass 

spectrometric analysis of oxidized phospholipids. (D) Solvent system for 

separation of OxPL species by HPLC.  
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Among the most significantly reduced full-length OxPC were 1-palmitoyl-2-

((E)-8’-hydroxyoctadec-12’-enoyl)-sn-glycero-3-phosphocholine (HODE-PC, m/z 

776), an isobaric group with a m/z of 798 containing 1-palmitoyl-2-

((5E,8E,11E,14E)-4’-hydroxyicosa-5’,8’,11’,14’-tetraenoyl (HETE-PC) (113), and 

an isobaric group with a m/z of 830 containing isoprostane-PC (5, 114) (Figure 

3K).  The structures of the identified compounds with the corresponding m/z values 

are represented in table S1. 

Together, these data demonstrate that AAV8-dependent hepatic 

expression of scFv-E06 results in its secretion into the plasma, decreased plasma 

levels of defined OxPC species, and protection from diet-induced hepatic. 

Remarkably, scFv-E06 showed specificity towards OxPCs, but not non-oxidized 

phospholipids, recognizing a variety of oxidation-specific functional groups that are 

associated with previously reported biological functions (1, 115). 
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2.3.3 – OxPCs regulate hepatocyte gene expression and mitochondrial 
bioenergetics  

These data imply a role of OxPCs in the development of hepatic steatosis; 

however, it is unknown if hepatocytes recognize and respond to OxPCs. To 

investigate if OxPCs regulate hepatocyte function, we treated a murine hepatocyte 

cell line (AML12) with a mixture of full length and truncated OxPCs (OxPAPC) (28) 

for four hours and analyzed changes in gene expression by ribonucleic acid 

sequencing (RNA-seq). OxPAPC regulated the expression of 1,367 genes in 

AML12 hepatocytes (fold change > 1.5, FDR < 0.05), of which 782 were 

upregulated and 585 were downregulated compared to vehicle-treated cells 

(Figure 6A, table S2). EnrichR (116, 117) gene ontology pathway analysis revealed 

that OxPAPC induced pathways associated with oxidative stress, including the 

“NRF2-mediated oxidative stress response”, the “unfolded protein response”, and 

the “aryl hydrocarbon receptor signaling pathway”, as well as the “superpathway 

of cholesterol biosynthesis” (Figure 7A), suggesting that OxPCs contribute to 

dysregulating cholesterol metabolism, a hallmark of NAFLD (118).  

Since our data showed that levels of both truncated and full-length OxPCs 

were decreased by scFv-E06, we separated OxPAPC into two fractions enriched 

for either truncated or full-length OxPC species using a strong anionic solid phase 

exchange chromatography method we previously described (64). Treatment of 

AML12 cells with truncated OxPCs resulted in regulation of 720 genes (427 

upregulated, 293 downregulated), while full-length OxPCs regulated expression of 

259 (204 upregulated, 55 downregulated) genes (Figure 6B). Of those, truncated 
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OxPCs uniquely regulated 78 genes (30 up/45 down) while full-length OxPCs 

uniquely downregulated 2 genes (Figure 6B, table S2). Both truncated and full-

length OxPAPC upregulated genes associated with oxidative stress such as 

Hmox1, Gsta1, Txnrd1, Hspa1a, and Hspa1b, as well as Ptgs2 (Cyclooxygenase 

2) (table S2). Additionally, RT-qPCR confirmed that full-length OxPCs, truncated 

OxPCs, and OxPAPC upregulated expression of Hmox1 (Figure 7D) and Pgd 

(Figure 7E), while only truncated OxPCs upregulated Acly (Figure 7F), Hmgcoas 

(Figure 7G), and Hmgcoar (Figure 7H). GO Biological Pathway analysis revealed 

that like OxPAPC, both truncated OxPCs and full-length OxPCs induced the 

“NRF2-mediated oxidative stress pathway”, however, only truncated OxPCs 

induced the “superpathway of cholesterol biosynthesis” (Figure 6C-E, Figure 7A). 

Moreover, truncated OxPAPC downregulated expression of Cav1 (Caveolin 1), 

which has been shown to increase hepatic lipid droplet size in NAFLD (119-121), 

and upregulated Slc25a1, which has recently been associated with hepatic 

steatosis and glucose intolerance by dysregulation of hepatocyte metabolism 

(122). 
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Figure 6. Truncated OxPLs shift AML12 hepatocytes to an anabolic 
metabolic programming.  
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Figure 6. Truncated OxPLs shift AML12 hepatocytes to an anabolic 
metabolic programming.  
AML12 hepatocytes were treated with OxPAPC (100 μg/mL) for 4 hours and 

gene expression was measured via RNA-seq. (A) OxPAPC regulated 1367 

genes (782 upregulated/585 downregulated – fold change > |1.5| and adjusted p-

value < 0.05, vehicle – n=3, OxPAPC – n=4). (B) Truncated OxPLs uniquely 

regulated 78 genes (30 upregulated/48 downregulated) compared to 2 down-

regulated genes in full-length OxPL and 724 (381 upregulated/343 down-

regulated) in OxPAPC treatment with 242 regulated by all three treatments (196 

upregulated/46 downregulated) (fold change > |1.5| and adjusted p-value < 0.05, 

n=3-4). Volcano plot analysis of (C) OxPAPC, (D) truncated OxPAPC, and (E) 

full-length OxPAPC revealed Hmox1 and Gsta1 were the most highly 

upregulated genes in all three treatments along with genes associated with the 

NRF2-mediated oxidative stress response. Slc25a1 and Cav1 were regulated in 

OxPAPC and truncated OxPL treatment, but not in full-length OxPL treatment. 

The same pattern was observed for genes associated with the superpathway of 

cholesterol biosynthesis. Statistical significance was determined by 1-way 

ANOVA and Student’s t-test. Multiple comparisons were corrected by False 

Discovery Rate or Dunnet’s multiple comparison correction.  
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Figure 7. Gene ontology and gene expression of AML12 hepatocytes 
treated with truncated OxPAPC, full-length OxPAPC, and OxPAPC.   
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Figure 7. Gene ontology and gene expression of AML12 hepatocytes treated 
with truncated OxPAPC, full-length OxPAPC, and OxPAPC.  
AML12 murine hepatocytes were treated with either OxPAPC, truncated 

OxPAPC, and full-length OxPAPC (100 μg/mL) for 4 hours and gene expression 

was measured via RNA-seq. GO Biological processes of upregulated genes (fold 

change > |1.5| and adjusted p-value < 0.05) identified by EnrichR for (A) 

OxPAPC, (B) truncated OxPAPC, and (C) full-length OxPAPC. Expression of (D) 

Hmox1, (E) Pgd, (F) Acly, (G) Hmgcoas, and (H) Hmgcoar in AML12 

hepatocytes were confirmed by RT-qPCR (n=4). Hmox1 and Pgd were regulated 

by all three oxidized phospholipid treatments; however, Acly, Hmgcoas, and 

Hmgcoar were exclusively upregulated by truncated OxPAPC. Statistical 

significance was determined by 1-way ANOVA. Multiple comparisons were 

corrected by Dunnet’s multiple comparisons correction (*=p<0.05, **=p<0.01, 

****=p<0.0001).  
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To investigate the effect of OxPCs on hepatocyte metabolism, we treated 

AML12 cells with OxPAPC or the fractions enriched for truncated or full-length 

OxPCs for four hours and measured oxygen consumption rate via extracellular flux 

analysis. Treatment with OxPAPC significantly decreased maximal oxygen 

consumption rate (Figure 8A), which was mimicked by truncated OxPCs (Figure 

8B). Impaired oxygen consumption in hepatocytes is indicative of mitochondrial 

dysfunction that precedes the transition from steatosis to NASH (93, 123). To 

investigate whether this metabolic dysregulation would lead to increased lipid 

accumulation, we treated AML12 hepatocytes with OxPAPC, truncated or full-

length OxPCs for 48 hours, and then stained cells with Nile Red to quantify lipid 

droplet numbers and size(124). Consistent with the effects on hepatocyte 

mitochondrial function, OxPAPC (Figure 8C) and truncated OxPCs (Figure 8D) 

increased average lipid droplet size in cells compared to vehicle, while full-length 

OxPCs (Figure 8E) did not alter lipid droplet size (Figure 8F). However, both 

fractions increased the number of lipid droplets per cell compared to vehicle control 

(Figure 8G).  
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Figure 8. Truncated oxidized phospholipids dysregulate hepatocyte 
metabolism resulting in lipid droplet accumulation.   
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Figure 8. Truncated oxidized phospholipids dysregulate hepatocyte 
metabolism resulting in lipid droplet accumulation.  
(A) MST analysis of AML12 murine hepatocytes treated with OxPAPC (100 

μg/mL) for four hours significantly inhibited maximum oxygen consumption in 

hepatocytes (n=5). (B) Truncated, but not full-length OxPLs significantly inhibited 

maximum mitochondrial oxygen consumption rate (n=5). AML12 cells were 

treated with (C) OxPAPC (100 μg/mL), (D) truncated OxPAPC, and (E) full-length 

OxPAPC for 48 hours. (F) Lipid droplet size and (G) number were significantly 

increased in AML12 cells treated with OxPAPC and truncated OxPLs. Full-length 

OxPLs increased droplet number per cell (n=4, 3 fields of view per biological 

replicate). Statistical significance was determined by 1-way ANOVA and Mann 

Whitney U-Test. Multiple comparisons were corrected by False Discovery Rate 

or Dunnet’s multiple comparison correction (*=p<0.05, **=p<0.01, ***=p<0.001, 

****=p<0.0001). 
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Taken together, these data demonstrate that distinct OxPC species 

differently regulate hepatocyte gene expression and metabolic function in vitro. 

While both truncated and full-length OxPC regulate redox transcriptomic 

programming, only truncated OxPCs regulate anabolic gene programming, such 

as the superpathway of cholesterol biosynthesis, and inhibit mitochondrial oxygen 

consumption resulting in increased lipid droplets. 

2.3.4 - Interventional therapy to treat established hepatic fibrosis scFv-E06 
intervention after development of hepatic steatosis halts disease progression to 
fibrosis 

To test whether elimination of OxPCs through inducible expression of 

scFv-E06 during the transition from steatosis to NASH could halt the progression 

to fibrosis, we first fed age-matched Alb-cre mice an FPC diet for six weeks 

(Figure 9A), which established hepatic steatosis without signs of fibrosis. Then 

weight-randomized mice were injected with AAV8-scFv-E06 or AAV8-GFP via tail 

vein. To induce fibrosis, mice were fed FPC diet for an additional 14 weeks 

(Figure 9A). Sustained scFv-E06 gene expression was confirmed in the liver 

(Figure 10A) and scFv-E06 protein was detected in the liver by Western blot and 

in the plasma by ELISA (Figure 9B,C) at the end of the experiment (20 weeks). 

As expected, FPC diet significantly elevated body mass and body fat percentage 

compared to chow control (Figure 105B,C); however, there were no differences 

in body mass (Figure 10B); body fat percentage (Figure 10C); liver, adipose, 

lung, heart, kidney, and spleen mass (Figure 10D-I); and fasting glucose and 

insulin tolerance between AAV8-scFv-E06 or AAV8-GFP-treated mice at 20 

weeks (Figure 10Q-S). 
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Strikingly, intervention with AAV8-scFv-E06 protected mice with 

established hepatic steatosis from further liver injury as evidenced by significantly 

reduced plasma AST (Figure 9D), ALT (Figure 9E), alkaline phosphatase (ALP) 

(Figure 9F), LDL:HDL ratio (fig. S5J), and cholesterol:HDL ratio (Figure 10K) 

indicating significantly improved liver function compared to control mice. Plasma 

cholesterol (Figure 10L), LDL (Figure 10M), HDL (Figure 10N), triglycerides 

(Figure 10O), and albumin (Figure 10P) were not changed by expression of 

scFv-E06. Total hepatic triglyceride levels were not affected by AAV8-E06 

(Figure 9G), however, histological analysis by hematoxylin-eosin and oil red O 

staining revealed a decrease in average lipid droplet size and a concomitant 

increase in lipid droplet number (Figure 9H,I) in the livers of mice expressing 

scFv-E06, a pattern of lipid droplet morphology suggestive of improved liver 

health (90) .  

To examine if intervention with AAV8-scFv-E06 affects hepatic gene 

expression in mice with established steatosis during NASH progression, we 

performed RNA-seq in bulk liver tissue from mice that were treated with either 

AAV8-scFv-E06 or AAV8-GFP. Strikingly, 701 genes (154 upregulated and 547 

downregulated in scFv-E06 expressing mice) were differentially expressed (fold 

change > 1.5, FDR < 0.05) between AAV8-scFv-E06 or AAV8-GFP-treated mice. 

EnrichR and GO Pathway Analysis for Biological Processes revealed that the 

most significantly downregulated GO term in the scFv-E06 expressing group was 

“Extracellular Matrix Organization” indicating downregulation of genes associated 

with matrix production and consequently hepatic fibrosis (Figure 9J). Additionally, 
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“Regulation of Cell Migration”, “PDGFR Signaling Pathway”, “Cell Matrix 

Adhesion”, and “Regulation of Macrophage Cytokine Production” were all 

downregulated suggesting a reduced fibrotic and inflammatory tone in the liver of 

mice expressing scFv-E06. Extracellular matrix protein (ECM) gene regulation 

was confirmed by RT-qPCR. Overall, expression of a panel of ECM proteins was 

significantly lower in livers of scFv-E06 expressing mice (Figure 11A). To assess 

the extent of hepatic fibrosis in mice expressing scFv-E06, we quantified 

picrosirius red staining in livers after 20 weeks of FPC diet, which revealed a 

trend toward a decrease in positive staining in mice which received intervention 

with scFv-E06 (Figure 9K). Liver hydroxyproline concentration was significantly 

increased in GFP-expressing mice fed FPC diet for 20 weeks compared to chow 

(Figure 9L) and the FPC-induced increase in hydroxyproline was attenuated by 

intervention with scFv-E06 after six weeks on diet (Figure 9M).  Taken together, 

these data demonstrate that intervention with scFv-E06 in mice with established 

steatosis protects mice from further diet-induced liver damage and hepatic 

fibrosis.  
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Figure 9. Passive genetic immunization against oxidized phospholipids 
inhibits liver fibrogenesis.   
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Figure 9. Passive genetic immunization against oxidized phospholipids 
inhibits liver fibrogenesis.  
(A) Schematic of experimental design. Mice were challenged with FPC diet for 

six weeks. After six weeks mice were injected with AAV8-GFP or -E06 and fed 

FPC diet for an additional 14 weeks (total – 20 weeks) (Created with 

BioRender.com). (B) Expression of scFv-E06 in mouse liver14 weeks after 

injection. (C) scFv-E06 titer concentrations were estimated in plasma by 

competitive sandwich ELISA (D) Plasma AST, (E) ALT, and (F) alkaline 

phosphatase levels were decreased in mice expressing scFv-E06 (n=6). (G,H) 

Hematoxylin and eosin and oil red o staining revealed no difference in hepatic 

triglycerides with an (I) increased droplet size but reduced number in mice 

expressing scFv-E06  (GFP – n=6, scFv-E06 – n=6, 15 fields of view per 

biological replicate). (J) Pathway analysis of differential gene expression in bulk 

liver tissue identified 701 genes (154 upregulated/547 downregulated) that were 

significantly regulated by scFv-E06 expression (GFP - n=3, scFv-E06 - n=3 - fold 

change > |1.5| and FDR < 0.05). Extracellular matrix organization was the most 

significantly downregulated pathway in scFv-E06 expressing mice. (K) 

representative picrosirius red staining of livers from mice expressing GFP or 

scFv-E06 after 20 weeks of FPC diet. (L) Hydroxyproline concentration was 

measured in liver tissue from mice fed chow or FPC diet for 6 or 20 weeks. (M) 

Liver hydroxyproline concentration was decreased in mice expressing scFv-E06 

after 20 weeks on FPC diet compared to GFP-expressing controls. Quantification 

of picrosirius red confirmed reduced staining in scFv-E06 mice (n = 4). Statistical 

significance was determined by 1-way ANOVA, 2-way ANOVA, Spearman’s 
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Correlation, and Student’s T-test with Dunnet’s multiple comparisons correction 

(*=p<0.05). Statistical outliers were excluded using ROUT test with a Q=2%. 
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Figure 10. Characterization of mice treated with AAV8-scFv-E06 after 20 
weeks on FPC diet.   
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Figure 10. Characterization of mice treated with AAV8-scFv-E06 after 20 
weeks on FPC diet.  
Speer6-ps1Tg(Alb-cre)21Mgn/J mice were fed FPC or chow diet for six weeks. After six 

weeks mice were injected with either AAV8-GFP or AAV8-scFv-E06. Mice 

continued diet for a total of 20/21 weeks. (A) scFv-E06 gene expression was 

significantly increased in mice injected with AAV8-scFv-E06 ((FPC AAV8-GFP, 

n=5; FPC AAV8-E06, n=6). There were no significant differences in (B) body 

mass or (C) body fat percentage between GFP and scFv-E06 expressing mice 

on FPC or chow diet; however, there were a significant increase in both body 

mass and body fat percentage between diet groups (n=10). At the end of the 

experiment, plasma was collected, and hepatic function and lipid profile were 

measured. (D-I) There were no differences in organ mass between scFv-E06- 

and GFP-expressing mice fed chow or FPC diet (n=6). Ratios of (J) LDL/HDL 

and (K) Cholesterol/HDL in plasma were significantly reduced in mice expressing 

scFv-E06 compared to GFP after FPC diet feeding (n=6). (L) Cholesterol, (M) 

LDL, (N) HDL, (O) triglycerides, and (P) albumin levels in plasma were not 

significantly changed between scFv-E06 and GFP-expressing mice fed FPC diet 

(n=6). There were no differences in (Q) 6-hour fasted glucose and (R) insulin 

tolerance and (S) 18-hour fasting glucose in mice expressing GFP or scFv-E06 

after 20 weeks FPC diet feeding (FPC AAV8-GFP, n=3; FPC AAV8-E06, n=4). 

Statistical significance was determined by 1-way and 2-way ANOVA and 

Student’s T-test. Multiple comparisons were corrected by Dunnet or Tukey 

multiple comparisons correction (*=p<0.05, **=p<0.01, ****=p<0.0001).  
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2.3.5 - Biologically active oxidized phospholipids are reduced by interventional 
expression of scFv-E06 during the progression to hepatic fibrosis  

To identify OxPC species that are affected by intervention with AAV8-scFv-

E06 in the plasma of mice during the progression to fibrosis, we performed LCMS 

as described above, using the in silico-predicted and in vitro-validated compound 

list (Figure 3I,J). We identified 29 OxPC analytes or groups of isobaric compounds 

and 6 non-oxidized PCs in the plasma of mice with hepatic fibrosis (Figure 12A). 

A similar but less pronounced reduction in OxPCs was observed in the liver of 

scFv-E06 mice compared to GFP controls (Figure 11B). Additionally, there was a 

slight, but statistically significant decrease in non-oxidized PCs in the scFv-E06 

liver (Figure 11B).  
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Figure 11. Fibrotic gene expression in mice treated with AAV8-scFv-E06.  
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Figure 11. Fibrotic gene expression in mice treated with AAV8-scFv-E06.  
(A) Hepatic gene expression of fibrogenic genes were confirmed by RT-qPCR 

(GFP – n=6, scFv – n=6). (B) Truncated and full-length OxPCs extracted from 

liver tissue demonstrate a similar pattern to that observed in the plasma, while 

non-oxidized phospholipids were significantly decreased. Statistical significance 

was determined by 2-way ANOVA with Dunnet’s multiple comparisons 

correction. Statistical outliers were excluded with the ROUT test (Q=5%)  
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In the plasma, the majority of both truncated and full-length OxPCs were 

significantly decreased in scFv-E06-expressing mice and included several 

previously described biologically active compounds containing specific functional 

groups. Among decreased truncated OxPC species were the carboxylic acid-

containing 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine (PGPC, m/z 610) 

as well as 1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine (PazPC, m/z 666) 

(111, 112), a group of γ-keto/hydroxy OxPCs (C32H60NO10P (isobaric group 

containing HOOA-PC), m/z 650); HODA-PC (1-palmitoyl-2-(9-hydroxy-12-oxo-

10E-dodecenoyl)-sn-glycero-3-phosphocholine), m/z 706); KOOA-PC, m/z 648; 

C32H60NO11P (isobaric group containing HOdiA-PC), m/z 666) (36, 37), the 

aldehyde-containing 1-palmitoyl-2-(5′-oxo-valeroyl)-sn-glycero-3-phosphocholine 

(POVPC, m/z 594) (28), the 4-carbon aldehyde 1-palmitoyl-2-(4’-oxo-butanoyl)-sn-

glycero-3-phosphocholine (POBPC, m/z 580) (68), and the 8-carbon aldehyde 1-

palmitoyl-2-(8’-oxo-octanoyl)-sn-glycero-3-phosphocholine (m/z 636) (110, 111) 

(Figure 11A). Among the most significantly reduced full-length OxPCs were 1-

palmitoyl-2-((E)-8’-hydroxyoctadec-12’-enoyl)-sn-glycero-3-phosphocholine 

(HOME-PC, m/z 776), and three isobaric species containing 1-palmitoyl-2-

(9E,12E)-8-hydroxyoctadeca-9,12-dienoic acid-sn-glycero-3-phosphocholine 

(HODE-PC, m/z 774), an isobaric group with a m/z of 798, containing 1-palmitoyl-

2-((5E,8E,11E,14E)-4’-hydroxyicosa-5’,8’,11’,14’-tetraenoyl (HETE-PC) (125), 

and an isobaric group with a m/z of 830, containing isoprostane-PC (5, 

114) (Figure 11A). The predicted structures of the identified compounds with 

corresponding m/z values are shown in table S3.  
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Selectivity of scFv-E06 for oxidized PCs was further illustrated by the fact 

that expression of scFv-E06 specifically decreased levels of truncated and full-

length OxPC species, while none of the other lipid classes were significantly 

affected, as demonstrated by comparison of the overall plasma lipidome between 

scFv-E06 and GFP expressing mice after either 6 (steatosis) or 20 (fibrosis) weeks 

of FPC feeding (Figure 13A). Comparing the OxPC profiles at the different stages 

of disease progression not only demonstrated that individual OxPC species are 

differentially affected by scFv-E06, but also indicated that levels of OxPCs may be 

selectively affected during disease progression.  

To study the changes in the levels of the different OxPC classes during the 

progression from hepatic steatosis to fibrosis, we compared OxPC levels in control 

mice (expressing AAV8-GFP) that had been fed FPC diet for 6 weeks and 20 

weeks to their chow-fed counterparts. Of the non-oxidized species, PAPC and 16:0 

LysoPC were decreased after 6, but not 20, weeks on diet, while PLPC, 18:0, 18:1, 

and 18:2 LysoPC were increased after both 6 weeks and 20 weeks on FPC diet 

(Figure 14A). Of the truncated OxPC species, levels of a subset of aldehyde-

containing OxPCs, including POVPC, were lower at both 6 and 20 weeks, while 

carboxylic acid-containing and other aldehyde-containing OxPCs, including 

POBPC, were increased in response to FPC diet (Figure 14A).  

Full-length OxPC species were differentially regulated at different time 

points. At 6 weeks, levels of 16:0/18:1[1xOH] trended to be lower compared to 

chow but higher at 20 weeks. 16:0/18:2[1xKETO] was higher at 6 weeks compared 

to chow and lower at 20 weeks. Isobaric groups C44H80NO10P and 
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C42H80NO9P, which contain HETE-PCs and HODE-PCs, were significantly 

higher at 20 weeks. Together, these data show for the first time that levels of 

plasma non-oxidized and individual OxPC species are differently regulated at 

defined stages of NAFLD progression.  

Comparison of OxPCs that were affected by AAV8-scFv-E06 in the plasma 

of mice at the initiation of hepatic steatosis (Figure 3K) and during the progression 

to hepatic fibrosis (Figure 11A) revealed 28 OxPC species that were decreased in 

both settings, while 1 OxPC was uniquely identified in hepatic steatosis and 7 

OxPC species were uniquely detected in mice with hepatic fibrosis (Figure 13B). 

Of the seven unique species identified in hepatic fibrosis, 4 were decreased by 

more than 50 percent by scFv-E06. These four species include two previously 

identified biologically active OxPCs: KOOA-PC and the isobaric group 

C32H60NO11P containing HOdiA-PC (37).  
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Figure 12. scFv-E06 expression decreases plasma OxPL levels in mice with 
hepatic fibrosis.  
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Figure 12. scFv-E06 expression decreases plasma OxPL levels in mice with 
hepatic fibrosis.  
OxPL levels were measured in the plasma by LCMS. (A) Both truncated and full-

length OxPLs were significantly reduced by scFv-E06 expression. Non-oxidized 

phospholipids were unaffected by scFv-E06 expression. Statistical significance 

was determined by 2-way ANOVA. Multiple comparisons were corrected by 

False Discovery Rate.  
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To elucidate at which stage of disease progression these identified OxPC 

species may exert pathologic activity, we took a closer look at the timeline of scFv-

E06-mediated reduction of their plasma levels. The aldehyde-containing species 

POVPC, POOPC, and 16:0/7:1[CHO] were preferentially reduced by scFv-E06 

after six weeks on FPC diet (Figure 14B), implying a role in the initiation of hepatic 

steatosis. To test whether aldehyde-containing OxPCs affect hepatocyte lipid 

storage, we treated AML12 hepatocytes with POVPC for 48 hours and assessed 

lipid droplet size and number per cell. POVPC significantly increased the number 

and size of lipid droplets (Figure 14C). On the other hand, carboxylic acid-

containing OxPC species (PazPC and C35H62NO11P) were affected by scFv-E06 

predominantly after 20 weeks of FPC diet (Figure 14D), implying a role for these 

compounds in NAFLD progression to NASH Treatment of AML12 cells with PGPC 

(a carboxylic acid-containing OxPC) significantly decreased maximum oxygen 

consumption rate (Figure 14E) and increased lipid droplet size and number in a 

concentration-dependent manner (Figure 15A,B). Of the γ-keto/hydroxy OxPC 

species, the levels of KOOA-PC and isobaric group C32H60NO10P (containing 

HOOA-PC) were reduced by scFv-E06 specifically at 20 weeks of FPC diet (Figure 

14F). Treatment of AML12 hepatocytes for four hours with KOdiA-PC, a 

representative γ-keto/hydroxy OxPC, significantly decreased maximum oxygen 

consumption rate of hepatocytes in a concentration-dependent manner (Figure 

14G). These data show that identified truncated OxPC species that are reduced 

by scFv-E06 promote a hepatocyte phenotype in vitro that is observed in hepatic 

steatosis and steatohepatitis. 
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Figure 13. Untargeted and targeted lipid analysis reveal a changing oxo-
phospholipidome but no change in the overall lipidome.  
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Figure 13. Untargeted and targeted lipid analysis reveal a changing oxo-
phospholipidome but no change in the overall lipidome. 
The plasma lipidome of mice after (A) six (GFP – n=7, scFv-E06 – n=6) and 

twenty weeks (GFP – n=10, scFv-E06 – n=10) of FPC diet were unaffected by 

expression of scFv-E06. (B) Comparison of oxidized phospholipids species 

detected in steatosis and fibrosis revealed 1 unique plasma oxidized 

phospholipid in steatotic mice and 7 unique oxidized phospholipids in mice with 

hepatic fibrosis. (C) Non-oxidized phospholipids PAPC and PLPC were 

unaffected by expression of scFv-E06; though their levels were altered by FPC 

diet duration (6-wk Chow GFP – n=3, 6-wk FPC GFP – n=7, 6-wk FPC scFv-E06 

– n=6, 20-wk FPC GFP – n=10, 20-wk FPC scFv-E06 – n=10). (D) 16:0 LysoPC 

(6-wk Chow GFP – n=3, 6-wk FPC GFP – n=7, 6-wk FPC scFv-E06 – n=6, 20-wk 

FPC GFP – n=10, 20-wk FPC scFv-E06 – n=10) decreased after 6-weeks of 

FPC diet feeding while 18:0, 18:1 (6-wk Chow GFP – n=3, 6-wk FPC GFP – n=7, 

6-wk FPC scFv-E06 – n=6, 20-wk FPC GFP – n=7/6, 20-wk FPC scFv-E06 – 

n=7), and 18:2 LysoPC (6-wk Chow GFP – n=2, 6-wk FPC GFP – n=7, 6-wk FPC 

scFv-E06 – n=6, 20-wk FPC GFP – n=6, 20-wk FPC scFv-E06 – n=7) increased 

after 6 and 20 weeks on FPC diet compared to 6-week, chow-fed controls. (E) 

POBPC (6-wk Chow GFP – n=3, 6-wk FPC GFP – n=7, 6-wk FPC scFv-E06 – 

n=6, 20-wk FPC GFP – n=10, 20-wk FPC scFv-E06 – n=10) increased with 

longer duration FPC-feeding but was unaffected by scFv-E06, while PONPC (6-

wk Chow GFP – n=3, 6-wk FPC GFP – n=7, 6-wk FPC scFv-E06 – n=6, 20-wk 

FPC GFP – n=10, 20-wk FPC scFv-E06 – n=10) was unaffected by feeding and 

scFv-E06 expression. (F) 16:0/18:1[1xOH] (6-wk Chow GFP – n=1, 6-wk FPC 
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GFP – n=5, 6-wk FPC scFv-E06 – n=6, 20-wk FPC GFP – n=9, 20-wk FPC scFv-

E06 – n=10) was decreased by expression of scFv-E06 at both 6-weeks and 20-

weeks of FPC-diet feeding, while 16:0/18:2[1xKETO] was only decreased by 

scFv-E06 after six weeks of feeding (6-wk Chow GFP – n=3, 6-wk FPC GFP – 

n=7, 6-wk FPC scFv-E06 – n=6, 20-wk FPC GFP – n=10, 20-wk FPC scFv-E06 – 

n=8). (G) The isobaric group C42H80NO11P (6-wk Chow GFP – n=3, 6-wk FPC 

GFP – n=7, 6-wk FPC scFv-E06 – n=6, 20-wk FPC GFP – n=10, 20-wk FPC 

scFv-E06 – n=10) was unaffected by diet and scFv-E06 expression while 

C44H80NO9P was increased after six and 20 weeks of FPC diet. scFv-E06 

expression decreased levels of C44H80NO9P after 20 weeks of FPC diet (6-wk 

Chow GFP – n=3, 6-wk FPC GFP – n=7, 6-wk FPC scFv-E06 – n=6, 20-wk FPC 

GFP – n=10, 20-wk FPC scFv-E06 – n=10). Statistical significance was 

determined by 2-way ANOVA with Tukey multiple comparison correction or 

Student’s t-test.   
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Figure 14. Bioactive oxidized phospholipids are differentially regulated 
during hepatic steatosis and fibrosis. 
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Figure 14. Bioactive oxidized phospholipids are differentially regulated 
during hepatic steatosis and fibrosis. 
(A) Semi-quantitative analysis of OxPL species normalized to their chow 

counterparts demonstrate a complex, pathology-specific pattern. (B) Aldehyde-

containing OxPLs, POVPC (6-wk Chow GFP – n=3, 6-wk FPC GFP – n=7, 6-wk 

FPC scFv-E06 – n=6, 20-wk FPC GFP – n=10, 20-wk FPC scFv-E06 – n=10), 

POOPC (6-wk Chow GFP – n=3, 6-wk FPC GFP – n=7, 6-wk FPC scFv-E06 – 

n=6, 20-wk FPC GFP – n=10, 20-wk FPC scFv-E06 – n=10), and 16:0/7:1[CHO] 

(6-wk Chow GFP – n=3, 6-wk FPC GFP – n=5, 6-wk FPC scFv-E06 – n=5, 20-wk 

FPC GFP – n=7, 20-wk FPC scFv-E06 – n=8),  were decreased by scFv-E06 

expression at six weeks. (C) POVPC, a representative of the aldehyde class, 

increased lipid droplet size and number after 48 hours in AML12 hepatocytes 

(n=4). (D) Carboxylic acid containing OxPLs were decreased by scFv-E06 after 

20 weeks on diet (6-wk Chow GFP – n=3/1, 6-wk FPC GFP – n=7/4, 6-wk FPC 

scFv-E06 – n=5/2, 20-wk FPC GFP – n=9/5, 20-wk FPC scFv-E06 – n=9/6). (E) 

PGPC, a representative of the carboxylic acid class, decreased maximum 

oxygen consumption of AML12 hepatocytes after four hours (n=8, 50 μg/mL – 

n=6). (F) γ-keto/hydroxy-containing OxPLs were decreased after 20 weeks on 

diet (6-wk Chow GFP – n=1/0, 6-wk FPC GFP – n=5/2, 6-wk FPC scFv-E06 – 

n=2/1, 20-wk FPC GFP – n=9/2, 20-wk FPC scFv-E06 – n=8/4), and (G) KOdiA-

PC, a class representative, decreased maximum oxygen consumption in AML12 

hepatocytes in a dose-dependent manner (n=8). Statistical significance was 

determined by Student’s t-test.  
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Hepatic stellate cells are the primary cell niche in the liver that produce 

fibrotic matrix in response to liver injury (126, 127). To determine if individual OxPC 

species that were targeted by scFv-E06 could activate hepatic stellate cells, we 

challenged LX-2 human hepatic stellate cells with OxPAPC, full-length OxPCs, 

truncated OxPCs, POVPC or KOdiA-PC. Treatment of LX-2 hepatic stellate cells 

for four hours with KOdiA-PC, OxPAPC or POVPC significantly decreased 

maximum oxygen consumption rate of hepatic stellate cells (Figure 15C).  

Previously, Hmox1 has been implicated in fibrotic activation of hepatic 

stellate cells (128). We found that truncated OxPCs and OxPAPC increased 

expression of the NRF2-dependent genes, Hmox1 and Gclm in LX-2 human 

hepatic stellate cells (Figure 15D).  
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Figure 15. Pathology-driving OxPCs regulate hepatocyte and hepatic 
stellate cell function in vitro.   
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Figure 15. Pathology-driving OxPCs regulate hepatocyte and hepatic stellate 
cell function in vitro.  
AML12 hepatocytes treated with an increasing concentration of PGPC exhibited 

increased (A) lipid droplet number per cell and size resulting in a shift toward (B) 

a higher frequency of larger lipid droplets (n=4). (C) LX-2 hepatic stellate cell 

oxygen consumption rate was significantly decreased by POVPC, KOdiA-PC, and 

OxPAPC after 4 hours (Vehicle, n=6; POVPC, n=5; KOdiA-PC, n=5; OxPAPC, 

n=6), while (D) OxPAPC and truncated OxPAPC increased expression of Hmox1 

and Gclm after 4 hours (n=4). Statistical significance was determined by 1-way 

ANOVA with Dunnet’s Multiple Comparison Correction or Student’s t-test. 
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Taken together, these data demonstrate that expression of scFv-E06 

decreases levels of individual OxPCs in plasma. FPC diet results in multivariate 

changes in the OxPC lipidome which suggest complex regulation of OxPC species 

in pathology. Identified OxPC species that were decreased by scFv-E06, including 

aldehyde-, carboxylic acid-, and γ-keto/hydroxy-containing OxPCs, regulate 

metabolism and gene expression in hepatocytes and hepatic stellate cells, 

suggesting that they are actively involved in the initiation and progression of 

hepatic steatosis and fibrosis (Figure 16A). 
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Figure 16. scFv-E06 expression protects mice from hepatic steatosis and 
intervention with viral expression of scFv-E06 halts disease progression. 
(Created with BioRender.com) 
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2.4 - Discussion and Conclusion 

Here we examined a potential therapeutic application of adeno-associated 

virus-mediated hepatic expression of the oxidized phospholipid-binding antibody 

fragment scFv-E06 for the prevention of the initiation of NAFLD and independently, 

of progression to NASH and hepatic fibrosis. We show that AAV8-mediated gene 

transfer of scFv-E06 is sufficient to express scFv-E06 in a Cre-dependent manner 

in the liver, which by itself leads to secretion of scFv-E06 protein into the plasma. 

Expression of scFv-E06 in mice fed a chow diet did not alter normal mouse 

physiology, which provided an excellent tool to interrogate the effect of OxPCs on 

diet-induced NAFLD initiation and disease progression, without secondary effects 

on mouse physiology or development, while providing a way to regulate dosing 

and timing of expression. We demonstrated that hepatic expression of scFv-E06 

prior to the start of FPC diet feeding resulted in a marked reduction in individual 

OxPC species in plasma, which was sufficient to protect mice from diet-induced 

hepatic steatosis. Given the efficacy of this model in eliminating plasma OxPCs 

and subsequent protection from diet-induced hepatic steatosis, we leveraged the 

flexibility of virus-mediated gene transfer to intervene therapeutically with scFv-

E06 expression after the establishment of diet-induced hepatic steatosis. We 

showed for the first time that in a clinically relevant intervention model, scFv-E06 

expression prevented further diet-induced liver damage and hepatic fibrosis 

independent of obesity and insulin resistance. Separately, scFv-E06 expression 

was sufficient to reduce a variety of OxPC species in plasma. At present, it is 

unclear whether reduction of OxPCs is protective in NASH pathogenesis or simply 
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a biomarker of the therapeutic effect of scFv-E06. Using mass spectrometry, we 

identified individual OxPC species that are decreased by expression of scFv-E06 

in mice. Identified OxPC species induced gene expression and metabolic changes 

in hepatocytes and stellate cells in vitro. These data suggest that plasma OxPCs 

regulate liver function uniquely at different stages of disease progression. For 

instance, expression of scFv-E06 prior to the start of FPC-diet protected mice from 

hepatic steatosis while intervention with scFv-E06 after established steatosis did 

not reduce lipid burden in the liver. Interestingly, despite no overall decrease in 

lipid burden, scFv-E06-expressing mice had smaller hepatic lipid droplets. This 

may suggest that OxPCs are involved in dysregulation of cellular lipid storage vital 

to initiation of hepatic steatosis but not maintenance of steatosis.  Taken together, 

this suggests that lowering the concentration of identified plasma OxPC species is 

necessary for preventing hepatic steatosis and progression to fibrosis in a 

normolipidemic mouse model of diet-induced NAFLD without genetic 

lipodystrophy. Most importantly, using this approach we provide the first evidence 

that therapeutic intervention after the development of diet induced steatosis with 

virus-induced scFv-E06 expression halts progression to hepatic fibrosis in a 

clinically relevant model of NAFLD.  

The natural IgM E06 has been shown to recognize oxidized products of 

PAPC in vitro and has been used clinically to assess total plasma OxPC levels (54, 

129). However, individual OxPC species that are eliminated by E06 in vivo had not 

been identified. Our findings demonstrate that scFv-E06 recognizes a variety of 

OxPC species irrespective of the type of oxidative modification or sn-1 position 
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acyl-chain length, while not affecting plasma levels of non-oxidized lipids in vivo. 

Further research is necessary to investigate binding affinities and specificity of 

scFv-E06 amongst OxPC species, and to demonstrate the potency of scFv-E06 

as a potential therapeutic in the context of NAFLD and other oxidative stress-

induced diseases. 

Oxidized phospholipids have previously been shown to regulate numerous 

cellular functions and biological processes (22-24, 34, 39, 41, 44, 64, 67, 74, 103) 

. We show for the first time that individual OxPCs that are targeted by scFv-E06 

activate hepatocytes resulting in upregulation of the evolutionarily conserved 

NRF2-dependent antioxidant program and metabolic dysregulation. While both 

truncated and full-length OxPCs upregulated genes related to oxidative stress, 

only truncated OxPCs upregulated pro-steatotic anabolic pathways including 

cholesterol biosynthesis. Induction of de novo cholesterol synthesis leading to 

cholesterol accumulation has been shown to promote transition from hepatic 

steatosis to NASH (130) and may be one mechanism through which OxPCs 

promote disease progression. Furthermore, identified OxPCs inhibited 

mitochondrial oxygen consumption in hepatocytes, consistent with a switch to an 

anabolic cellular phenotype, and resulted in increased lipid droplet formation, a 

hallmark of hepatic steatosis (90). Taken together, our findings demonstrate that 

hepatocytes recognize and respond to OxPCs, and treatment of hepatocytes in 

vitro with truncated OxPCs phenocopies pathological alterations in mitochondrial 

bioenergetics and lipid droplet regulation seen during the development of hepatic 

steatosis. Differences in regulation of the transcriptome in mice expressing scFv-
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E06 compared to GFP during development of diet-induced hepatic steatosis, may 

give key insights into the mechanisms by which OxPCs drive early metabolic 

changes in hepatocytes that promote disease initiation.  

Levels of truncated OxPCs containing a γ-keto/hydroxy functional group 

were also reduced by scFv-E06 in vivo. Several biological functions have been 

described for these lipids (37, 50); however, it is unknown if γ-keto/hydroxy-

containing OxPCs play a role in NASH and hepatic fibrosis. Here we show that 

KOdiA-PC inhibits mitochondrial oxygen consumption and extracellular 

acidification rate in hepatic stellate cells. Additionally, truncated OxPCs induced 

expression of the NRF2-dependent genes Hmox1 and Gclm in hepatic stellate 

cells. These data demonstrate that individual truncated OxPCs that are targeted 

by scFv-E06 regulate hepatic stellate cell bioenergetics and gene expression and 

may polarize the cells toward a redox-regulatory state.  

Plasma levels of both truncated and full-length OxPC species were 

significantly reduced by scFv-E06 either at the initiation of hepatic steatosis or 

during the progression to hepatic fibrosis. These data demonstrate for the first time 

that scFv-E06 specifically recognizes individual oxidized phosphorylcholine 

phospholipids in vivo, without affecting levels of non-oxidized phosphatidylcholines 

or lyso-PCs, which builds on previous studies that have demonstrated similar 

specificity of E06 in vitro (26, 131). We identified one unique OxPC species in the 

setting of hepatic steatosis and seven unique OxPC species in the setting of 

hepatic fibrosis that are targeted by scFv-E06. Identification of specific OxPC 

species that are eliminated by scFv-E06 during the different stages of disease 
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progression suggests that plasma OxPCs could serve as non-invasive biomarkers 

of NAFLD severity. In human plasma, oxidized phospholipids are carried on low-

density lipoproteins and previous work has shown that the ratio of OxPCs to apoB-

100 or apo(a) correlates with cardiovascular disease, calcific aortic valve disease, 

and aortic valve stenosis (56, 132). These risk factors are assessed from 

lipoprotein bound OxPCs. Our method assesses free or “unconjugated” OxPCs. 

Considering the pathologic role of OxPCs in NAFLD and the dearth of viable non-

invasive biomarkers for NASH, analysis of individual “unconjugated” OxPC 

species may provide an additional diagnostic metric and possible alternative to 

more invasive techniques like liver biopsy.  

In this study, we limited our analysis to validated oxidized 

phosphatidylcholine species predicted by LPPTiger (109) and identified in air- and 

copper-oxidized PAPC and PLPC. Combining an in silico-based approach with in 

vitro validation allowed us to assess 83 validated analytes (individual lipid species 

as well as isobaric groups); however, this accounts for only a fraction of the 

possible oxidation species present in vivo. Given the numerous possible oxidative 

modifications that can arise as products of oxidation, many oxidized phospholipid 

species are isobaric requiring additional metrics to accurately distinguish individual 

species. In this study, we leverage both mass and chromatographic retention time 

to distinguish between OxPC species. Consequently, isobaric species with similar 

retention times were not uniquely identified. Future studies are necessary to 

identify unique fragmentation patterns for isobaric species that overlap 

chromatographically to confidently identify each species. Additionally, expanding 



79 
the OxPL panel to include not only other oxidized phosphatidylcholine species, but 

also phospholipids with other head groups, which have been shown to play critical 

roles in diverse biological processes ranging from thrombus formation (62), to 

ferroptosis (45), and apoptosis (42), is essential to understand how OxPLs regulate 

complex pathologies. Currently, our method is limited to semi-quantitation of OxPL 

species due to lack of deuterated and non-deuterated OxPL standards. Synthesis 

of OxPL standards is necessary to directly quantify the concentration of pathology-

driving OxPLs in the plasma. Additionally, our method measures OxPCs that can 

be isolated by liquid-liquid organic extraction, which likely reflects the free OxPC 

lipidome as it is likely that some electrophilic lipid species bind covalently with 

proteins. For example, POVPC has previously been shown to bind manganese 

superoxide dismutase (24). 

 We demonstrate that scFv-E06 expression lowers levels of OxPCs in the 

plasma, which are necessary for pathogenesis of both hepatic steatosis and 

fibrosis. Furthermore, though OxPC levels are lowered by scFv-E06 expression as 

measured by mass spectrometry, the mechanism through which this occurs 

remains unclear. We propose two possible mechanisms which will require further 

study: (1) elimination from the biological system by enzymatic activity or excretion 

or (2) masking of OxPC inhibiting their biological effects. Distinguishing whether it 

is necessary to lower both plasma and liver OxPC species to inhibit disease 

progression as well as understanding the mechanism through which OxPC species 

are lowered by scFv-E06 expression will provide a deeper understanding of the 
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role of OxPC species in NAFLD pathology and guide future therapeutic 

approaches. 

In conclusion, our study establishes the translational potential of plasma 

OxPC elimination using AAV8-mediated gene transfer of scFv-E06 in a clinically 

relevant NAFLD model. This novel approach to target plasma OxPCs provides 

multi-modal control over oxidized lipid-driven pathologies. Temporal and spatial 

regulation of scFv-E06 expression will allow for exploration of previously 

inaccessible OxPC-mediated biology and pathology. Finally, assessment of 

plasma levels of individually identified, pathology-driving OxPC species during 

NAFLD initiation and progression may lead to the discovery of urgently needed 

non-invasive biomarkers. 
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Chapter 3: Oxidized phospholipidome as an indicator of 
comorbidities in critically ill patients  
3.1 – Abstract 
 Critical illness is hallmarked by increased oxidative stress; however, 

antioxidant therapies developed to combat elevated oxidative stress have yielded 

mixed results. Therefore, understanding the composition of prooxidant species 

present during settings of critical illness is essential for efficacious treatment of 

disease. To identify and quantify oxidized phospholipids species produced during 

critical illness, we developed a liquid-chromatography mass spectrometry-based 

method to assess the composition and quantity of oxidized phosphatidyl choline 

(OxPC) species present in a cohort of critically ill patients admitted to the medical 

intensive care unit at the University of Virginia. We identified and quantified 19 

OxPC species present in at least 20 patients (out of 91). Additionally, we 

determined that grouping OxPC species by chemical and structural similarity 

resulting in associations with various clinical parameters. Thus, indicating a 

potential novel relationship between OxPCs and novel organ pathologies.  

3.2 - Introduction 
 Critically ill patients frequently present with complex medical histories and 

multi-organ pathologies that necessitate admission to the intensive care unit (ICU). 

One underlying commonality amongst ICU all-comers is increased oxidative 

stress. Numerous clinical trials have sought to reduce oxidative stress in ICU 

patients using antioxidant therapies with mixed success (133). Antioxidants are a 

broad class of molecules that can act at multiple levels to reduce pro-oxidizing 
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environments (134). For instance, primary antioxidants like α-tocopherol (Vitamin 

E) act as free-radical scavengers and break radical chain propagation (135). Other 

antioxidants like deferoxamine inhibit a pro-oxidizing environment through 

chelation of iron ions, which is considered a secondary means (136, 137). Other 

secondary means include direct reduction of oxidized molecules and activation of 

NRF2-dependent gene expression (136). At best, antioxidant therapies likely affect 

numerous pathways and consequently provide a challenging pharmacological 

problem when assessing their efficacy. Nevertheless, their success, however 

limited, touted “health benefits,” and seemingly simple solution to restore redox 

balance has perpetuated their study in many different pathologies.  

 While the “silver bullet” antioxidant therapy has not yet been discovered, it 

is well established that critically ill patients have increased oxidative stress largely 

independent of reason for ICU admission. It has previously been established that 

critically ill patients have elevated thiobarbituric acid reactive substances like 4-

hydroxynonenal (4-HNE) (138). A more recent study demonstrated that ICU all-

comers exhibited positive correlation between markers of oxidative stress, lipid 

hydroperoxides and carbonylated proteins, and their sequential organ failure 

assessment (139). This could be partially rescued with timely intervention using 

antioxidant vitamins; however, only carbonylated proteins were reduced, not lipid 

hydroperoxides (139). Additionally, the lipid oxidation byproduct 4-HNE was 

upregulated in the serum of patients with community acquired pneumonia on ICU 

admission compared to healthy controls (140). This provides strong evidence that 

oxidative stress, and more specifically oxidized lipids and their oxidation 
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byproducts, may play a direct role in disease or could be used as a prognostic 

biomarker to predict clinical outcome and inform treatment regimens.  

 Evidence strongly supports the hypothesis that oxidized lipid species may 

potentiate disease progression in critically ill patients (134, 138-140). To further 

understand the role of oxidized lipid species in critically ill patients, it is necessary 

to better understand the complexity of the oxophospholipidome present during 

illness. Here, we developed an approach to identify and quantify oxidized 

phosphatidyl choline (OxPC) species present in plasma collected from a cohort of 

91 critically ill patients admitted to the medical intensive care unit (MICU) at the 

University of Virginia. We quantified 19 oxidized phospholipids species that were 

detected in at least 20 (of 91) patient samples. Multivariate analysis of variance 

revealed close associations between OxPC species grouped based on functional 

group or hierarchical clustering and clinical parameters. These findings not only 

suggest that the oxophospholipidome may be a useful metric to stratify patients for 

medical care, but also elucidate novel pathologies in which OxPCs may play a role.  

3.3 - Results 

3.3.1 – Development and optimization of an LCMS method for extraction, 
detection, and quantification of the oxophospholipidome in human plasma 

To detect and quantify the oxophospholipidome in human plasma we further 

developed a liquid-chromatography mass spectrometry approach based on work 

presented in Chapter 2 (27). In brief, we predicted the possible oxidation products 

of 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine (PLPC) and 1-palmitoyl-2-

arachidonoyl-sn-glycero-3-phosphocholine (PAPC) in silico (109). These species 
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were chosen because they contain the most abundant plasma saturated fatty acid, 

palmitic acid, in the sn-1 position and the two most abundant plasma unsaturated 

fatty acids, linoleic acid and arachidonic acid, in the sn-2 position (141). The 

resulting oxidized lipid species were combined into isobaric groups for each parent 

lipid (PLPC or PAPC). PLPC and PAPC were oxidized in vitro and the resulting 

oxidized PLPC (OxPLPC) and oxidized PAPC (OxPAPC) were used as standards 

to identify retention times for each OxPL species predicted in silico. Species 

identified with a mass accuracy of less than 5 parts per million were considered 

validated. This list was further shortened by repeating the same process using 

extracted pooled human plasma and mouse plasma. Sixty-four OxPC 

species/isobaric groups were detected in either the pooled human or mouse 

plasma. With a target list of 64 OxPC species, we optimized ionization temperature 

and voltage for different OxPC species. Full-length OxPC species were 

represented by 1-palmitoyl-2-hydroperoxyeicostetraenoyl-sn-glycero-3-

phosphocholine (HPETE-PC) (Figure 17A). Truncated OxPC species were 

represented by the deuterated OxPL standard 1-palmitoyl-2-glutaryl-sn-3-glycero-

pshophocholine-d6 (PGPC-d6) (Figure 17A). Lysophospholipids and non-oxidized 

phospholipids were represented by 1-palmitoyl-2-hydroxy-sn-glycero-3-

phosphocholine (16:0 LysoPC) and PAPC, respectively (Figure 17A). Capillary 

temperature and ionization voltage were increased in a stepwise manner and the 

area under the curve was recorded for each lipid species. From this analysis it was 

determined that an ionization voltage of 3.0 kV and a capillary temperature of 275 
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°C was optimal for maximum detection amongst all lipid species, with a bias toward 

full-length species. 

To quantify OxPC species present in human plasma, extraction efficiency 

and matrix suppression were analyzed. Internal standards, PGPC-d6, 1,2-

dinonanoyl-sn-glycero-3-phosphocholine (DNPC), and 1-oleic-2-hydroxy-sn-

glycero-3-phosphocholine-d7 (18:1 LysoPC-d7) were  spiked into human plasma 

or methanol and extracted according to the previously reported method (27). 

Additionally, these lipids were also spiked into human plasma after extraction 

(matrix effect). Analysis by the established LCMS method revealed that recovery 

of all three standards was significantly blunted by addition to human plasma prior 

to extraction (Figure 17B). However, this was not observed if spiked into extracted 

plasma (Figure 17B). This suggests that there is little to no matrix effect affecting 

signal intensity and that any loss of signal could be attributed to incomplete 

extraction. Consequently, using two lipid standards, one oxidized (PGPC-d6) and 

one non-oxidized (DNPC), we could control for differences in extraction efficiency 

between samples. Lastly, we established standard curves using commercially 

available lipid standards for absolute quantification (Figure 17C). Interestingly, log-

log transformation of the standard curves revealed that there was minimal 

difference between the curves corresponding to different lipid species (Figure 

17C). Due to the remarkable similarity, we assumed that the average curve could 

be used to closely estimate the concentration of OxPC species that were present 

in human plasma, but not commercially available.  
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Figure 17. Optimization of mass spectroscopy for detection of OxPLs in 
human plasma. 
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Figure 17. Optimization of mass spectroscopy for detection of OxPLs in 
human plasma.  
(A) Nebulization temperature and ionization voltage were optimized for maximum 

detection of full-length (HPETE-PC), truncated and deuterated OxPL standard 

(PGPC-d6), lysophospholipids (16:0 LysoPC), and non-oxidized phospholipids 

(PAPC). (B) There was no suppression of signal strength for phospholipid 

standards PGPC-d6, DNPC, and 18:1 LysoPC-d7; however, signal strength was 

reduced when extracted in combination with human plasma and could serve as 

surrogate for sample extraction efficiency. (C) Standard curves were generated 

for 7 commercially available phospholipids.  

  



89 
3.3.2 – Quantification of OxPC species in plasma from critically ill patients 

 Plasma from critically ill all-comers admitted to the MICU at UVA was 

collected upon admission and processed using sodium citrate tubes to prevent 

coagulation. After collection each sample was stored with 50 μM butylated-

hydroxytoluene (BHT), which acts as a radical trapping antioxidant preventing 

further oxidation ex vivo. The MICU cohort included slightly more male patients 

and was predominantly white with an average age of 58.17 years ranging from 18 

to 88 (Table 1 & 2). On average, each clinical parameter was elevated outside the 

normal range (Table 2) as expected in a cohort of critically ill patients.  

 OxPCs from plasma samples were extracted using the method described 

previously (27). Samples were analyzed over a three-month period. To control for 

inter-assay variability, lipid standards were prepared at the start of each analysis 

which allowed for correction of change in signal intensity. The identified OxPC 

species were quantified using the standard curves and the strategy discussed 

previously (Figure 17C). The resulting OxPCs and their average correlations are 

reported in Table 3. OxPC species varied from low nanomolar to low micromolar 

concentrations depending on the lipid species. The non-oxidized and lyso 

phospholipid concentration range is corroborated by the literature (142).  
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Race Female Male Total 

African American 2.2% 16.7% 18.9% 

American Indian and Alaska Native 1.1% --- 1.1% 

White or Caucasian 38.9% 40% 78.9% 

Other 1.1% --- 1.1% 

All 43.3 56.7%  

Table 1. Demographics of 90 patients from MICU cohort. 
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Variable Average Standard Deviation Range 

Age on Admission (Years) 58.17 18.29 18.42-88.84 

Length of MICU Stay (Days) 12.76 14.91 1.23-101.01 

Mass (kg) 89.25 33.98 39.85-269.4 

BMI (kg/m2) 30.10 9.47 14.62-82.83 

Highest Lactate (mmol/L) 3.45 3.19 0.6-18.5 

Highest Creatinine (mg/dL) 2.32 2.68 0.6-20 

Highest ALT (U/L) 251.59 1157.41 6-7880 

Highest AST (U/L) 313.17 1312.30 11-9198 

Admission BUN (mg/dL) 30.00 22.46 5-111 

Admission Creatinine (mg/dL) 1.86 2.48 0.4-20 

Table 2. Clinical parameters of 90 patients from MICU Cohort.  

Average of clinical parameters from the MICU cohort. Body mass index (BMI), 

alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea 

nitrogen (BUN).  
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Phospholipid species 
Number 

of 
Patients 

Average 
Concentration 

(μM) 

Standard 
Deviation of 

Concentration 
(μM) 

Max 
Concentr
ation (μM) 

Range 
(μM) 

OxPL Group 

16:0/7:1[CHO] 84/91 0.12 0.094 0.61 0.014-
0.61 Aldehyde 

POBPC 89/91 0.20 0.12 0.65 0.011-
0.65 Aldehyde 

16:0/11:1[CHO] 89/91 0.23 0.17 1.1 0.015-
1.1 Aldehyde 

16:0/8:0[CHO] 89/91 0.24 0.18 1.2 0.021-
1.2 Aldehyde 

POVPC 91/91 0.76 0.44 3.2 0.082-
3.2 Aldehyde 

PONPC 91/91 2.3 1.2 6.2 0.41-6.2 Aldehyde 

16:0/8:1[CHO] 22/91 0.089 0.079 0.28 0.013-
0.28 Keto/Hydroxy 

16:0/11:1[OH,CHO] 39/91 0.13 0.44 2.7 0.011-
2.7 Keto/Hydroxy 

16:0/14:3[KETO,CHO] 91/91 0.31 0.16 0.84 0.011-
0.84 Keto/Hydroxy 

PGPC 18/91 0.14 0.43 1.9 0.0069-
1.9 

Carboxylic 
Acid 

PazPC 86/91 0.20 0.84 7.8 0.007-
7.8 

Carboxylic 
Acid 

C42H80NO11P 15/91 0.036 0.053 0.22 0.01-
0.22 Full-length 

16:0/18:2[KETO,OOH] 7/91 0.041 0.032 0.093 0.018-
0.093 Full-length 

C44H80NO10P 8/91 0.052 0.055 0.18 0.019-
0.18 Full-length 

C42H80NO10P 54/91 0.13 0.24 1.6 0.014-
1.6 Full-length 

16:0/18:2[KETO] 41/91 0.13 0.18 0.9 0.016-
0.9 Full-length 

C42H82NO9P 82/91 0.26 1.6 15 0.011-
15 Full-length 

C44H80NO9P 88/91 0.28 0.18 0.95 0.024-
0.95 Full-length 

C42H80NO9P 48/91 0.59 3.5 25 0.013-
25 Full-length 

18:1 LysoPC 91/91 10 7.2 37 0.37-37 Lyso 

18:2 LysoPC 91/91 11 9.2 52 0.75-52 Lyso 

18:0 LysoPC 90/91 12 8.0 37 0.027-
37 Lyso 

16:0 LysoPC 91/91 80 56 290 5.5-290 Lyso 

PAPC 91/91 109 40.8 278 19.2-
278 Non-oxidized 

PLPC 91/91 212 71.4 488 61.6-
488 Non-oxidized 

Table 3. Concentration of OxPC species in human plasma from MICU cohort. 
  



93 
Table 3. Concentration of OxPC species in human plasma from MICU cohort.  
Oxidized phospholipid plasma concentrations were quantified by LCMS. Species 

were reported if above the limit of detection otherwise they were considered “Not 

detected.” The reported range includes only patients where the OxPC species was 

detected.  
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3.3.3 – Hierarchical clustering of OxPC species reveals coregulation amongst 
species based on functional groups 

 Identification and quantification of OxPC species present in human plasma 

provided insight into the complexity of the oxophohospholipidome during critical 

illness. As previously described, the MICU cohort was not limited to any defined 

medical history. Consequently, the patient population represented a wide range of 

pathologies and pre-existing conditions. Given this limitation, we sought to identify 

OxPCs that correlate with one or many different clinical parameters or pathologies. 

Previous literature indicated that biological activity of OxPCs could be 

attributed to the chemical structure of individual lipids (27, 35). Additionally, we 

hypothesized that formation of OxPCs containing similar functional groups may be 

regulated in a manner that results in their coevolution. To test this hypothesis, we 

used a hierarchical clustering analysis to group OxPC species quantified in the 

critically ill patient population based on how well they correlated amongst each 

other (143). After clustering, we discovered four groups that were correlated with 

each other (Figure 18A). While Group 1 was a mixture of OxPC species containing 

different functional groups, Groups 2, 3, and 4 contained OxPCs with similar 

functional groups, respectively (Figure 18A). For instance, Group 2 contained 

lysophospholipids while Group 4 contained truncated and primarily aldehyde 

containing OxPCs (Figure 18A). Coevolution of structurally similar OxPC species 

under oxidizing conditions implies that OxPC species generated from other parent 

lipids similar to PLPC and PAPC are likely present. These undetected species 

could contribute to the overall oxidative burden during critical illness. 
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Using these identified groups as well as groups based on chemical similarity 

we evaluated whether there was associations between the described groups of 

OxPCs and clinical parameters or diagnoses. We tested for associations using 

multivariate analysis of variance (MANOVA) and discovered a unique fingerprint 

of association between OxPC concentration and many clinical parameters (Figure 

18B). We discovered that the complete group of OxPL associated with many 

clinical parameters across many organ systems including creatinine, ALT, and 

AST plasma concentration as well as body weight and BMI (Figure 18B). Groups 

1 through 4 which were determined agnostically as described previously also 

associated with many clinical parameters. Strikingly, Group 1 and Group 4 closely 

resembled truncated OxPCs in its associations (Figure 18B). This is likely due to 

the overlap in lipid species between either Group 1 or Group 4 and the truncated 

OxPC group (Figure 18B). Of these associations, these three groups all associate 

with kidney related parameters like creatinine, chronic kidney disease, and blood 

urea nitrogen. Interestingly, full-length OxPC species overlap with many of the 

associations of truncated OxPCs; however, has unique associations with BMI and 

body weight (Figure 18B). Aldehyde, carboxylic acids, and γ-keto/hydroxy OxPCs 

are subsets of the truncated OxPC group and consequently strongly resemble the 

fingerprint established by the truncated OxPC group (Figure 18B). Yet, each group 

has some differences which may point to specific pathological roles for each group. 

Moreover, it should be noted that non-oxidized phospholipids and 

lysophospholipids do not strongly associate with the same clinical parameters as 

OxPCs.   
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Figure 18. Functionally similar OxPCs are coregulated and correlate with 
specific clinical parameters. 
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Figure 18. Functionally similar OxPCs are coregulated and correlate with 
specific clinical parameters. 
OxPC species quantified in plasma of 91 MICU patients were hierarchically 

clustered. (A) Clustering revealed four distinct groups that closely correlated with 

each other: Group 1 – 16:0/8:0[CHO] through PazPC; Group 2 – 

16:0/14:3[KETO,CHO] through 18:0 LysoPC; Group 3 – C44H80NO10P and 

16:0/18:2[KETO]; Group 4 – POVPC through 16:0/11:1[CHO]. OxPCs were 

grouped according to hierarchical clustering or according to chemical structure and 

association with clinical parameters was evaluated by MANOVA. (B) Group 1 and 

Group 4 were associated with similar clinical parameters and largely recapitulated 

the pattern observed in the truncated OxPC group. Unique association patterns 

arose for each lipid group. AD – Admission diagnosis, CC – comorbidity, AddD – 

Additional diagnosis in the hospital, DKA/HHS – diabetic 

ketoacidosis/hyperosmolar hyperglycemic state, NSTEMI – non-ST elevation 

myocardial infarction, AKI – acute kidney injury, BUN – blood urea nitrogen, AST 

– aspartate aminotransferase, ALT – alanine aminotransferase, ALI – acute liver 

injury, LF – liver failure, COPD – chronic obstructive pulmonary disease, BMI – 

body mass index.   
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3.4 - Discussion 

Here, we developed an LCMS-based approach to detect, identify, and 

quantify OxPC species in human plasma and can be applied to other biological 

matrices. We consistently detected 19 of 64 OxPC species in a study of 91 critically 

ill patients admitted to the UVA MICU. We empirically determined plasma 

concentrations of 19 OxPC species that ranged from low nanomolar to low 

micromolar concentrations. Additionally, we discovered that different groups of 

structurally similar OxPC species associate with different sets of clinical 

parameters resulting in unique fingerprints associated with each group of OxPCs.  

It has been established that oxidative stress is a major component of critical 

illness (138-140). Often these studies relied on 4-HNE and MDA, which are 

liberated during lipid oxidation, as an indicator of oxidative stress; however, 

assessment of OxPLs present during critical illness was overlooked. Given the 

overwhelming evidence that OxPLs play a role in an impressively wide array of 

pathologies ranging from chronic diseases like atherosclerosis, obesity, and non-

alcoholic fatty liver disease as well as acute pathologies like sepsis and  acute lung 

injury it is not surprising that OxPLs are present in critical illness (22, 24, 27, 28, 

30, 35, 39, 40, 74, 103, 144). Due to their diverse chemical structures, OxPLs likely 

play a role in many different organ systems during critical illness and 

understanding what species are present is the first step towards developing 

interventional therapy. 

The concentration of some individual OxPLs reached micromolar levels in 

plasma which far exceed physiological concentrations of known lipid mediators like 
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prostaglandins and resolvins which have previously been reported in the 

nanomolar range (145, 146). Therefore, it is likely that OxPLs are biologically 

active at the concentrations reported above. One limitation of our approach is that 

it was limited to OxPC species that we specifically targeted. It is likely that there 

are many additional OxPC species with equally high abundance present in the 

plasma but unaccounted for in this study. Furthermore, one must also consider 

OxPL species with different phospholipid head groups such as 

phosphatidylethanolamine and phosphatidylserine which have been shown to play 

an essential role in ferroptosis and apoptosis, respectively (42, 45) and were not 

considered in this study.  

The diverse representation of many different pathologies within the patient 

cohort provided the ideal population to interrogate the relationship between 

concentrations of OxPC species in the plasma and a wide range of pathologies. 

Identification of associations with ALT and AST are strongly supported by previous 

literature that has demonstrated a role for OxPCs in non-alcoholic fatty liver 

disease (24, 27). However, novel associations like that with creatinine may point 

toward a role for OxPC in pathologies related to the kidney such as acute kidney 

injury or chronic kidney disease. 

Previous literature has established a speculative role for OxPCs in many 

pathologies.  However, recent development of a transgenic mouse  model and 

virus expressing scFv-E06, a single chain variable fragment of the natural IgM, 

E06 which as previously been shown to bind OxPCs has established a causal role 
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for OxPCs in atherosclerosis, age-induced loss of bone density, and non-alcoholic 

fatty liver disease for the first time (22, 24, 27, 106). These models now allow for 

direct interrogation of the role of OxPCs in disease and disease progression. Using 

the associations between OxPCs and novel pathologies discovered in the MICU 

cohort as a guide, we can begin to explore the pathological role of OxPCs in these 

settings.   
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Chapter 4: Conclusions and Future Directions 

In this dissertation, we worked to better understand the complexity of the 

plasma and liver oxophospholipidome, and how individual OxPC species promote 

non-alcoholic fatty liver disease pathology.  

To this end, we developed a novel AAV8 viral vector to express scFv-E06, 

an antibody fragment that binds and neutralizes OxPC species. In combination 

with a targeted LCMS-based analytical approach we were able to determine that 

expression of scFv-E06 is sufficient to lower plasma concentrations of OxPC 

species in a diet-induced NAFLD model. Moreover, we concluded that scFv-E06 

exhibits exquisite specificity to OxPCs and does not neutralize non-oxidized or 

lysophospholipids.  

This strongly supports the original in vitro discovery that the complete IgM 

E06 antibody has specificity for OxPCs (26). We were unable to determine whether 

scFv-E06 exhibited preference for a particular OxPC species or chemical 

derivatization in this study, but further optimization of this antibody fragment may 

yield a suite of fragments targeted to specific OxPC species or OxPC groups.  

Nevertheless, the pan-OxPC recognizing scFv-E06 AAV8 vector provided 

an excellent initial tool to investigate the role of OxPCs in driving hepatic steatosis 

to NASH and fibrosis. After the development of hepatic steatosis, we inoculated 

mice with scFv-E06 AAV8. scFv-E06 expression after development of hepatic 

steatosis was sufficient to neutralize OxPCs, lowering their concentration in the 

plasma, and protect mice from developing hepatic fibrosis and NASH. This finding 
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established a direct role for OxPCs in the development of hepatic fibrosis, 

independent from pre-existing hepatic steatosis. It also demonstrated the 

therapeutic efficacy of scFv-E06 as an interventional therapy in NAFLD. 

While our scFv-E06 AAV8 vector represents a promising advancement in 

the field of oxidized phospholipid research. There is still much to be explored and 

optimized. The vector used in this dissertation is a double-inverse orientation 

vector that is dependent on cre for scFv-E06 expression. This limits its usefulness 

to mouse models expressing cre. However, we have since developed a similar 

construct that is not cre-dependent and that should mitigate this limitation. 

Expression of scFv-E06 in disease models where OxPCs were previously 

speculated to be causal agents of pathology will provide clarifying insight on the 

role of OxPCs in disease pathology.  

While scFv-E06 exhibited promiscuous neutralization of all OxPC species 

in vivo, we identified unique roles for truncated and full-length OxPAPC in vitro. 

Using AML12 hepatocytes, we established that truncated OxPAPC promoted a 

switch in hepatocyte metabolism, resulting in a downregulation of oxidative 

phosphorylation and a commensurate increase in lipid droplet size and number. 

The decrease in bioenergetics and increase in lipid droplet size was unique to the 

truncated OxPAPC species.  

Building off work from Serbulea et. al.  and Spinelli et. al., one could 

speculate that similar to BMDMs, hepatocytes upregulate a redox regulatory 

program to combat the electrophilic truncated OxPAPC species they encounter 
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(34, 63). Indeed, RNA-seq analysis of AML12 hepatocytes revealed an 

upregulation of NRF2-dependent genes and genes in the pentose phosphate 

pathway (PPP). NADPH, a key cofactor for fatty acid synthase (FASN), the rate 

limiting step of lipogenesis, is produced by the PPP. In addition to downregulation 

of oxidative phosphorylation, which uses fatty acids as a substrate, this may 

contribute to accumulation of more and larger lipid droplets.  

While this work was largely focused on the effect of OxPCs directly on 

hepatocytes, I would be remiss not address other cell types present in the liver that 

could contribute to OxPC-mediated NAFLD pathology. Hepatic stellate cells are a 

myofibroblast like cell that canonically stores retinoic acid as retinoic esters. Upon 

activation these cells polarize to a myofibroblast-like state and are thought to be 

the major driver of extracellular matrix remodeling during homeostatic injuries. 

During chronic inflammation, like that observed in NASH, HSCs can become 

chronically activated resulting hepatic fibrosis (99, 147).  

Kupffer cells are the resident tissue macrophage of the liver and likely play 

role in activation of HSCs and promoting an increase inflammatory tone in the liver 

in response to injury. Currently, it is unknown whether OxPCs could potentiate 

activation of HSCs or Kupffer cells, but it is an important question to address to 

more fully understand the role of OxPCs in NAFLD. 

The versatility of an LCMS-based approach to identify and quantify OxPC 

species in plasma provided us with the opportunity to quantify OxPC species 

present in human plasma from critically ill patients. This study provided first 
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insights into oxophospholipidome complexity in critically ill patients. We were also 

able to directly quantify many OxPC species providing a concentration range for 

OxPCs in vivo and establishing their relevancy for human disease. More 

interestingly, we were able to identify unique association patterns between 

different classes of OxPCs and various clinical parameters. From this data, we 

were able to identify promising new pathologies in which we can investigate 

whether OxPCs play a causal role.  

Our analysis was limited to OxPCs derived from PAPC and PLPC. Further 

expansion of our OxPL panel to include other PC species as well as PE and PS 

species will undoubtedly reveal a more complex oxophospholipidome and likely 

shed more light on the role of oxidized phospholipids in disease pathology.  

In conclusion, we have developed novel tools to directly assess the function 

of OxPLs in vivo. With new tools in hand, we will now be able to push the boundary 

or our understanding of the diverse and complex OxPL biology, and for the first 

time begin to delineate what OxPL species are causal agents of pathology.   
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Chapter 5: Methods 
5.1 - Mice 
B6.Cg-Speer6-ps1Tg(Alb-cre)21Mgn/J (Jackson Laboratories 003574) (Alb-cre) were 

obtained from Jackson Laboratories (Bar Harbor, ME) and housed in the Pinn 

vivarium at the University of Virginia Center for Comparative Medicine. Unless 

otherwise stated, animals were maintained in pathogen-free housing with a 12-

hour light/dark cycle with ad libitum access to food and water. All animal 

experiments were approved by the University of Virginia’s Animal Care and Use 

Committee (Protocol #3444). To assess the impact of scFv-E06 on hepatic 

steatosis 6-week-old mice were injected with either AAV8-GFP (UNC Vector Core) 

or AAV8-scFv-E06 (1011 genome copies/100 μL sterile PBS). Mice, 8 weeks of 

age, were fed a high fructose, palmitate, and cholesterol diet (FPC diet, Teklad 

TD.190142) supplemented with 4.2% glucose (Fisher D12-500)/fructose (Fisher 

L95-500) water (55%/45% w/w) for six weeks. At the end of the experiment, mice 

were euthanized via CO2 inhalation and cardiac puncture. To assess the impact of 

scFv-E06 expression on fibrosis and whether expression of scFv-E06 after the 

onset of hepatic steatosis could mitigate progression to hepatic fibrosis, mice, 6 

weeks of age, were fed FPC diet for six weeks. After six weeks of feeding, mice 

were injected via tail vein with AAV8-GFP or AAV8-scFv-E06. Mice continued FPC 

diet for an additional 14 weeks at which point they were euthanized via CO2 

inhalation. Control mice were fed chow diet (Teklad 7912).  

5.2 - Histology 
PBS-perfused liver tissue was either fixed in 10% formalin (w/v) for 24 hours and 

transferred to 200 proof ethanol or cryopreserved in NEG-50™ (Richard Allan 
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Scientific, 6502) and stored at -80°C. Tissue samples were processed for histology 

at the Robert M. Berne Cardiovascular Research Center Histology Facility at the 

University of Virginia. In brief, samples were embedded in paraffin, and 10-micron 

serial sections were stained with hematoxylin and eosin, picrosirius red, or Oil red 

O. Images were collected using an Olympus BX51 or Leica Thunder with TIRF 

microscope operating in brightfield. Picrosirius Red counter-stained with Fast 

Green  was quantified using ImageJ(148) to assess stained area in 3 sections from 

liver tissue each mouse. Positive staining was determined by thresholding while 

blinded after exclusion of perivascular collagen: threshold settings were kept 

constant for all samples assessed. 

5.3 - Triglyceride assay 
Hepatic triglyceride concentration was quantified using triglyceride colorimetric 

assay (Pointe Scientific T7532500). Liver tissue (20-30 mg) was lysed in 400 μL 

of 0.6% NaCl using Qiagen Tissue Lyser II (30 Hz for 15 minutes). Samples were 

diluted 1:4 in 0.6% NaCl and mixed with 4.4 parts chloroform (EMD UN1888/Fisher 

Scientific C607-1) and 2.2 parts methanol (Sigma-Aldrich 646377-1L). Samples 

were vortexed vigorously and centrifuged for 10 minutes at 3000g to accelerate 

phase separation. The organic phase (500 μL) of each sample was transferred to 

a new tube and dried under N2 purge. The dried organic phase was resuspended 

in 200 μL of 95% ethanol (200 μL) (Fisher Scientific 04-0355-223). Samples from 

mice on FPC diet were diluted 1:5 in 95% ethanol. Assay was conducted in 

triplicate according to manufacturer’s recommendations.  
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5.4 - Plasma liver biomarkers 
Whole blood was collected from mice after euthanasia via cardiac puncture and 

dispensed into heparin-coated plasma collection tubes (Becton Dickinson 365985) 

and stored on ice. Plasma separated via centrifugation at 2000g for 15 minutes at 

4°C. Plasma was stored at -80°C. Plasma was diluted 1:1 in sterile 0.9% saline 

and liver biomarkers were analyzed by UVA Clinical Laboratories. 

5.5 - Cell culture 
AML12 murine hepatocytes (ATCC CRL-2254) were cultured in DMEM:F12 

supplemented with 10% FBS (R&D Systems S12450/Atlanta Biologicals S11150) 

and 1% Anti-Anti (Gibco 15240-062) and grown at 37°C with 5% CO2. Cells were 

passaged when they reached 90% confluency using 0.5% Trypsin (Gibco 15400-

054). LX-2 human hepatic stellate cells (Millipore Sigma SCC064) were cultured 

in DMEM supplemented with 2% FBS (R&D Systems S12450/Atlanta Biologicals 

S11150) and 1% Pen-Strep (Gibco® 15140-122) and grown in Dulbecco’s 

Modified Eagle Medium (Gibco 11965-092) 37°C with 5% CO2. Cells were 

passaged when they reached 90% confluency using 0.25% Trypsin (Gibco 25200-

056). For all experiments using the LX-2 cell line, cells were cultured on Matrigel 

(83 μg/mL) (Fisher Scientific CB-40230) for 24-hours in DMEM containing 1% Pen-

Strep prior to the start of the experiment.  

5.3 - Mitochondrial and glycolytic stress test 

5.3.1 - XF24 Seahorse bioenergetics assay  

AML12 hepatocytes (75,000 cells/well) were plated in complete medium in XF24 

cell culture microplates (Agilent 100777-004) and allowed to settle overnight. The 

following day cells were treated for 4 hours with oxidized phospholipids (10 – 100 
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μg/mL) in DMEM:F12 supplemented as described. At the end of the experimental 

treatment, media was removed and replaced with assay appropriate medium: 

Mitochondrial Stress Test Medium (Corning 50-003-PB). Oxygen consumption 

was measured via mitochondrial stress test. The rate of pO2 consumption was 

measured every ten minutes for a four-minute interval preceded by a three-minute 

mixing and three-minute waiting interval. Oligomycin A (Sigma-Aldrich 75351) 

(0.91 μM), BAM15 (Cayman Chemical Company 17811) (1.667 μM), Antimycin A 

(Sigma-Aldrich A8674) (7.692 μM), and Rotenone (Sigma-Aldrich R88751G) 

(7.692 μM) were used to interrogate basal, reserve, and maximum oxygen 

consumption capacity.  

5.3.2 - XFe96 Seahorse bioenergetics assay 

AML12 hepatocytes were plated (25,000 cells/well) in complete medium in XFe96 

cell culture microplates (Agilent 101085-004) and incubated for 1 hour at room 

temperature before settling overnight at 37°C. The following day cells were treated 

for 4 hours with oxidized phospholipids (10 – 100 μg/mL) in DMEM:F12 

supplemented as previously described. After treatment, media was removed and 

replaced with assay appropriate medium: Mitochondrial Stress Test Medium 

(Corning 50-003-PB) and Glycolytic Stress Test Medium (Sigma D5030) 

supplemented with 143 mM NaCl (Fisher S671-3) and 2 mM L-glutamine (Gibco 

25030-081). Oxygen consumption was measured via mitochondrial stress test. 

The rate of pO2 consumption was measured every ten minutes for a four-minute 

interval for thirty minutes prior to sequential challenge with (1) Oligomycin A 

(Sigma-Aldrich 75351) (1 μM), (2) BAM15 (Cayman Chemical Company 17811) (2 
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μM), and (3) Antimycin A (Sigma-Aldrich A8674) (10 μM) and Rotenone (Sigma-

Aldrich R88751G) (10 μM). pO2 consumption was measured as described 

previously to analyze basal, reserve, and maximum oxygen consumption capacity. 

Glycolytic rate was measured via extracellular acidification rate. The rate of pH 

change was measured every ten minutes for a four-minute interval for thirty 

minutes prior to sequential challenge with (1) Glucose (Sigma D9434) (20 mM), 

(2) Oligomycin A (Sigma-Aldrich 75351) (1 μM), and (3) 2-deoxyglucose (Sigma-

Aldrich D8375) (80 mM) to interrogate basal, reserve, and stressed glycolytic rate.  

5.4 - Quantitative real-time-PCR 

5.4.1 - In vitro 

RNA was isolated from cells lysed in RLT lysis buffer using the RNEasy Mini Kit 

(Qiagen 74106). Manufacturer’s recommendations were followed for RNA 

isolation. RNA quantity and purity were analyzed by spectrometric analysis. cDNA 

was synthesized from 250ng of total RNA using iScript cDNA synthesis kit (Biorad 

1708891) according to manufacturer’s recommendations. Sensimix SYBR green 

(Bioline QT615-05) was used to quantify gene expression. Relative gene 

expression was calculated using ΔΔCq method normalized to a cyclophilin A in 

AML12 cells and Hprt in LX-2 cells.  

5.4.2 - Ex vivo  

Liver tissue was stored at -80°C in RNALater (Sigma-Aldrich R0901) until analysis. 

Liver tissue was lysed using Qiagen Tissue Lyser II (30 Hz for 15 minutes) in RLT 

lysis buffer. Manufacturer’s recommendations were followed for RNA isolation 

using RNEasy Mini Kit. RNA quantity and purity were analyzed by spectrometric 
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analysis (260/280 - >1.8 and <2.2, 260/230 - >1.8 and <2.2). cDNA was 

synthesized from 250ng total RNA using iScript cDNA synthesis kit according to 

manufacturer’s recommendations. Sensimix SYBR green was used to quantify 

gene expression. Relative gene expression was calculated using ΔΔCq method 

normalized to beta-2-microglobulin.  

Primer sequences were generated using NCBI Primer Blast and span an exon-

exon junction to ensure mRNA specificity and synthesized by Eurofins or 

Integrated DNA Technologies (table S4). 

5.5 - Air oxidation of PAPC 
1 mg of 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphocholine (PAPC) (Avanti 

Polar Lipids 850459C) was dried in a 13x100 borosilicate glass tube (Corning 

99445-13) with nitrogen, covered loosely with aluminum foil to allow gas exchange, 

and oxidized by exposure to air for 7-12 days to generate the oxidized phospholipid 

mixture, OxPAPC. Level of oxidation was monitored by LC-MS to maintain a 

consistent oxidation profile. 

5.6 - Copper oxidation of PLPC 
10 μg of 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine (PLPC) (Avanti Polar 

Lipids 850458) was transferred to a tube and dried under N2. PLPC was 

resuspended in water containing CuCl (10.547 mM) and H2O2 (659 mM) and 

oxidized for 19 hours at 37°C to generate oxidized PLPC (OxPLPC). OxPLPC was 

extracted via liquid-liquid extraction using chloroform:methanol:water (1:1:1). 

Briefly, chloroform, methanol, and water were added to a glass tube. The 

extraction mixture was vortexed vigorously and centrifuged at 805g for 10 min at 
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20°C. After centrifugation, the organic layer was transferred to a new tube and 

dried under nitrogen. Oxidized PLPC was resuspended in methanol.  

5.7 - Oxidized phospholipid quantification by LC-MS/MS 

5.7.1 - OxPL extraction from Plasma 

Plasma was collected from mice as described above and stored at -80°C in 50 μM 

butylated hydroxytoluene to prevent ex vivo oxidation. 25 μL of plasma were added 

to 1.975 mL of HPLC water (Tedia WS2211-001) in a 13x100 borosilicate glass 

tube (Corning 99445-13). 2 mL chloroform (EMD UN1888 or Fisher Scientific 

C607-1) and 2 mL of methanol (Sigma-Aldrich 646377-1L) containing 16.24 nM of 

1-palmitoyl-2-glutaryl-sn-glycerol-3-phosphocholine-d6 (Cayman Chemical 

25746) were added and vortexed vigorously. Samples were centrifuged at 805g 

(20°C) for ten minutes to accelerate phase separation. The organic phase was 

transferred to a new tube and 2 mL of chloroform was added to the original tube. 

The extraction was repeated twice more for a total of three times. Samples were 

dried under nitrogen and resuspended in 200 μL of methanol and vortexed 

vigorously. Samples were transferred to sample vials for LCMS analysis.  

5.7.2 - OxPL extraction from Liver 

Liver tissue was collected from mice and stored at -80°C in 50 μM in butylated 

hydroxytoluene to prevent ex vivo oxidation. Liver tissue was homogenized using 

a Qiagen Tissue Lyser II (30 Hz for 15 minutes) in water. Thirty-five milligrams of 

tissue was used for extraction as described previously (see OxPL extraction from 

Plasma). Samples were resuspended in 200 μL of HPLC butanol (PHARMCO-

AAPER 13050-03).  
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5.7.3 - In silico phospholipid oxidation and method development 

LPPTiger(109) was used to predict possible oxidation products of PAPC and 

PLPC. Oxidation level was set to Level 3. Maximum modification sites was set to 

8, max keto was set to 8, max peroxy was set to 3, and max epoxy was set to 3. 

Nine hundred and eighty oxidation species were predicted for PAPC and 67 

oxidation species were predicted for PLPC. Isobaric species were combined as a 

single analyte recording corresponding to the chemical formula. After combining 

isobaric species, there were 180 potential analytes for PAPC and 35 potential 

analytes for PLPC. Predicted analytes were validated by mass (< 5 ppm variance 

from predicted mass) using PAPC oxidized by air and PLPC oxidized by copper (I) 

chloride. 

5.7.4 - Lipid Analysis 

Oxidized phospholipids were measured using a ThermoFisher QExactive coupled 

with a Vanquish UHPLC. Samples were separated by reverse phase 

chromatography using a C18 Phenomenex 4.6 μm x 100 mm with 69% methanol 

31% water with 10 mM ammonium acetate (Mobile Phase A) and 50% methanol 

50% isopropanol with 10 mM ammonium acetate (Mobile Phase B) at a flow rate 

of 0.5 mL/min using the follow gradient: 0-4 min 0% B, 4-6 min 0%-17.5% B, 6-12 

min 17.5% B, 12-14 min 17.5%-25% B, 14-21 min 25%% B, 21-24 min 25%-60% 

B, 24-33 min 60% B, 33-36 min 60%-65% B, 36-40 min 65% B, 40-43 min 65%-

0% B, and 43-50 min 0% B. The QExactive was operated in positive mode using 

parallel reaction monitoring mode with an inclusion list and the following settings: 

MS2 Resolution – 17,500; AGC target – 1e5; Maximum IT – 100 ms; Isolation 
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window 1.0 m/z; Normalized Collision Energy – 27. Analyte detection was limited 

to inclusion list within a specified retention window determined from in vitro 

oxidized PAPC and PLPC.  Peaks corresponding to individual oxidized 

phospholipid species or isobaric groups were identified using Xcalibur (v4.1) 

QuanBrowser based on mass (<5 ppm variance from predicted mass) and 

validated retentions times. Peak areas were normalized to PGPC-d6. Biological 

replicates were excluded from analysis for an individual analyte if the analyte was 

not detected. 

5.8 - Lipidomics LCMS and data analysis 
The plasma lipidome was assessed using a ThermoFisher QExactive coupled with 

a Vanquish UHPLC. Samples were separated by reverse phase chromatography 

using an Thermo Scientific Acclaim™ 120 (C18 5 μm 120 Å 4.6 x 100 mm) with 

50% acetonitrile, 50% water, and 0.1% formic acid with 10 mM ammonium formate 

(Mobile Phase A) and 88% isopropanol, 10% acetonitrile, 2% water, and 0.02% 

formic acid with 2 mM ammonium formate (Mobile Phase B) at a flow rate of 400 

μL/min using the following gradient: 0-4 min 30-60% B, 4-10 min 60-80% B, 10-15 

min 80-90% B, 15-24 min 90-100% B, 24-27 min 100% B, 27-27.1 min 100-30% 

B, 27.1-31 30% B. The QExactive was operated in positive mode and collected 

spectra using Full MS data-dependent MS2 mode with an inclusion list containing 

analytes in Splash® Lipidomix® Mass Spec Standard (Avanti 330707) using the 

following settings: Full MS settings --  resolution – 35,000, AGC target – 1e5, Max 

IT – 128 ms, scan range – 200 to 1500 m/z; dd-MS2 settings -- resolution – 17,500, 

AGC target – 2e5, Max IT – 64 ms, Loop count – 5, NCE – 40. Data were analyzed 
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using LipidSearch (Version 4.1.16) with the following settings: Search – Database: 

Q Exactive, Precursor tolerance - 5.0 ppm, Product tolerance – 8.0 ppm; Alignment 

– Alignment Method - Mean, Retention time tolerance - 0.25 min. Samples were 

normalized to the internal standard PGPC-d6 to control for extraction efficiency. 

5.9 - In vitro quantification of lipid droplet 
AML12 cells were fixed with 4% paraformaldehyde (diluted from 16%, Alfa Aesar 

43368-9M) and stained with Hoescht Blue (Invitrogen™ 953557) and Nile Red 

(Invitrogen™ N1142). Two images (Zeiss Axiovert 200 with QICAM Fast 1394), 

one of DAPI and one of Nile Red, were taken at three locations in each well. Lipid 

droplet size and quantity were calculated from epifluorescent widefield 

micrographs using an ImageJ plugin, MRI Lipid Droplets(149). Lipid droplets were 

identified as areas larger than five pixels. MRI Lipid Droplets ImageJ plugin was 

used to identify nuclei in DAPI staining and count total cell number.  

5.10 - In vitro and ex vivo RNA-seq 

5.10.1 - In vitro 

AML12 hepatocytes (100,000 cells/well) were treated with OxPAPC (100 μg/mL), 

truncated-OxPAPC (100 μg/m), and full-length (100 μg/mL) for four hours. RNA 

was isolated using RNeasy® Mini Kit (Qiagen 74106). RNA quantity and purity 

were analyzed by spectrometric analysis (260/280>1.8 and <2.2, 260/230>1.8 and 

<2.2, RIN≥8). cDNA libraries were generated using NEBNext® Ultra™ II 

Directional RNA library Prep Kit (New England Biosciences E7760S). cDNA library 

fragment size was verified using Bioanalyzer 2100. Samples were sequenced by 
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the UVA Genomics and Technology core with a read length of 75bp and a target 

depth of 10 million reads using Illumina NextSeq 500 Sequencing System. 

5.10.2 - Ex vivo 

After dissection, liver tissue was stored at -80°C in RNALater (Sigma-Aldrich 

R0901) until use. Liver tissue was lysed using Qiagen Tissue Lyser II (30 Hz for 

15 minutes) in RLT Lysis buffer (Qiagen 1015762). Manufacturer’s 

recommendations were followed for RNA isolation using RNeasy® Mini Kit 

(Qiagen 74106). RNA quantity and purity were analyzed by spectrometric analysis 

(260/280 - >1.8 and <2.2, 260/230 - >1.8 and <2.2). RNA was shipped to GeneWiz 

(South Plainfield, NJ). RNA was sequenced in a strand specific manner with a read 

length of 150 bp and a target depth of 20-30 million reads. 

5.10.3 - Data Analysis 

Reads were aligned using UVA Rivanna Supercluster using Spliced Transcripts 

Alignment to a Reference (STAR)(150). Reads were trimmed and aligned to the 

mouse reference genome (mm10) with either single- or pair-end alignment where 

appropriate. Aligned reads were counted and differential gene expression was 

calculated if reads exceeded 1 read per million using EdgeR(151) and RStudio. 

Genes were considered differentially expressed if they deviated from the control 

condition by 50% with a p-value less than 0.05 (in vitro) or 0.1 (in vivo). 

EnrichR(117) was used to identify pathways that were up or downregulated based 

on differentially regulated genes.  



117 
5.11 - MRI 
Body composition analysis was performed by EchoMRI™-100H on mice prior to 

the start of FPC diet feeding and weekly for the duration of feeding.  

5.12 - Western Blot 

5.12.1 - Tissue 

Tissues were lysed using Qiagen Tissue Lyser II (30 Hz for 15 minutes) in RIPA 

lysis buffer containing cOmplete Mini protease inhibitors (Roche 37439120) and 

phosphatase inhibitors (Sigma P5726 and P0044). Protein concentration was 

quantified via PierceTM BCA protein Assay (Thermo Scientific 23225). 25-75 μg of 

total protein were separated by SDS-PAGE (8%-12%) and transferred to 

nitrocellulose or PVDF membranes. Membranes were blocked with Intercept 

Blocking Buffer (LICOR 927-70001) or 5% BSA in TBS or 5% milk powder in TBS 

with 0.1% Tween20 for 1 hour at room temperature. Membranes were stained with 

goat anti-myc [HRP] antibody (NovusBio NB600-341, 1:30000) or rabbit anti-

Vinculin antibody (CST E1E9V, 1:1000) diluted in 1% milk powder in TBS with 

0.1% Tween20 overnight at 4°C. Next, membranes were washed in tris-buffered 

saline containing 0.1% Tween20, followed by incubation 1 hour at room 

temperature with HRP-conjugated secondary antibodies (1:10000 dilution in 1% 

milk in TBS with 0.1% Tween20, CST), except for membranes incubated with the 

goat anti-myc [HRP] antibody. Membranes were washed in tris-buffered saline 

containing 0.1% Tween20 and imaged on an Odyssey Imager (LICOR 

Biosciences) or incubated with ECL substrate (ThermoScientific SuperSignal 



118 
34580) for 5 minutes at room temperature and imaged using the Amersham 

ImageQuant 800. 

5.12.2 - Plasma 

Plasma was diluted in loading dye (150 μL/mL) and denatured at 95°C for ten 

minutes. Heat denatured samples were separated by SDS-PAGE gel and 

transferred to nitrocellulose membranes. Membranes were blocked with PBS 

Blocking Buffer (LICOR Biosciences) and for 1 hour at room temperature and 

stained with a 1:1000 dilution of mouse anti-myc antibody (Millipore 05-724) 

overnight at 4°C. The blot was washed three time for 15 minutes with PBS Blocking 

Buffer. The blot was stained with the secondary antibody IRDye® 800CW Goat 

anti-Rabbit (1:10,000 in PBS) (Licor 926-32211) for 1 hour at room temperature 

followed by three washes with Licor PBS Blocking Buffer. The resulting blot was 

visualized using an Odyssey Imager (LICOR Biosciences). 

5.13 - HIS/myc competitive sandwich ELISA 
96-well Nunc MaxiSorpTM flat-bottom plates (ThermoFisher Scientific) were coated 

with rabbit anti HIS-Tag antibody (CST 2365S, 1:250 in 1x PBS) overnight at 4 °C. 

Coated wells were then aspirated and washed three times with 1x PBS (~1 min 

soaking in between). After blocking for 1 hour at room temperature with 1x 

ELISA/Elispot Diluent (Invitrogen, 19045636) diluted in double distilled water, wells 

were washed as previously described. Plasma samples were diluted 1:20 in double 

distilled water and added into the wells. For the HIS-competitive standard curve 2 

µg HIS-protein ELISA standard (stock 50 µg/mL, Cayman Chemical, 0556338) 

was serially diluted in double distilled water and E06 plasma sample was added 
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(1:20). The E06 plasma standard curve was generated by serial dilution of plasma. 

An HIS-protein competitive standard curve was generated by serial dilution of HIS-

tagged 4EBP1 (11.1 mg/mL). Blanks were incubated with 1x ELISA/Elispot 

Diluent. Plates were sealed and incubated over night at 4 °C. Following 5 washing 

steps, the detection antibody goat anti-c-Myc HRP-coupled (Novus P26, 1:5000 in 

1x ELISA/Elispot Diluent) was added to the plates and incubated for 1 hour at room 

temperature. After washing seven times, 1x TMB ELISA Substrate Solution 

(eBioscience, Inc., E00008-1655) was pipetted into the wells and incubated for 35 

minutes. Absorbance was measured using a PlateReader (BioTek) at 450 nm and 

570 nm.  

5.14 - Glucose and Insulin Tolerance Tests 
Intraperitoneal glucose and insulin tolerance tests were performed on fasted mice 

at time points indicated. Mice were fasted for 6 hours, and body mass and basal 

blood glucose measured via tail vein nick using a glucometer (CVS Health). For 

GTT, 1mg/g glucose in sterile water was administered by intraperitoneal injection, 

and blood glucose recorded 15, 30, 45, 60, 90, and 120 minutes after injection. 

For ITT, Humulin R (100U/ml, Lilly) was diluted in sterile 0.9% saline, 0.75 U/kg 

was administered by intraperitoneal injection, and blood glucose recorded 15, 30, 

45, 60, 90, and 120 minutes after injection. 

5.15 - Cholesterol Assay 
Hepatic cholesterol was assessed using Amplex™ Red Cholesterol Assay Kit 

(Invitrogen A12216). Liver tissue was weighed and lysed in 400 μL of RIPA Lysis 

Buffer (EMD Millipore 20-188) using Tissue Lyser II. The protein concentration of 
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the lysate was determined by Pierce™ BCA Protein Assay (Thermo Scientific 

23225). Lysates were diluted (15 μg per reaction) and analyzed in triplicate for 

free, esterified, and total cholesterol according to manufacturer recommendations. 

Final hepatic cholesterol concentrations were reported as μg of cholesterol per mg 

of liver protein. 

5.16 - Hydroxyproline assay 
Liver tissue (20-30 mg) was lysed in 200 μL of HPLC water (Sigma-Aldrich 270733) 

using TissueLyser II shaking at 30 Hz for fifteen minutes. Lysates were centrifuged 

at 20,817g at 4°C for 15 minutes. Supernatants were collected and protein 

concentration was assessed by Pierce™ BCA protein Assay (Thermo Scientific 

23225). 500 μg of protein were diluted 1:1 in 37% HCl (12.1 M) to final 

concentration of 1.89 mg/mL in ~6 M HCl. The lysates were incubated at 95°C for 

20 hours. After 20 hours samples were cooled to room temperature and 

centrifuged at 13,000g for 10 minutes. Supernatants were collected and diluted to 

4 M HCl. Hydroxyproline content was assessed using QuickZyme Sensitive Tissue 

Hydroxyproline Assay (QuickZyme Biosciences QZBTISHYP1) according to 

manufacturer recommendations.   

5.17 - Statistical Analysis 
Statistical analysis was performed using GraphPad Prism 9. Data are represented 

as the mean ± standard error of the mean. Statistical tests were applied as 

described in the figure legends. Statistical outliers were identified using ROUT 

method (Q = 2 or 5%) and excluded from analyses. 
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Supplemental Table 2. Gene expression of AML12 hepatocytes treated with 
truncated OxPAPC, full-length OxPAPC, and OxPAPC. Gene expression 
represented as log2 of the fold change compared to vehicle. Genes regulated 
single treatment are highlighted in orange (truncated OxPAPC), blue (full-length 
OxPAPC), and purple (OxPAPC).  
 

Gene Symbol Truncated Full 
length OxPAPC 

1110002E22Rik --- --- -1.06 

1700011H14Rik --- --- -0.83 

1700066M21Rik --- --- -0.74 

1810011O10Rik -1.11 --- --- 

2010111I01Rik 0.86 --- --- 

2310007B03Rik --- --- -1.15 

2310022B05Rik --- --- -0.68 

2410131K14Rik 0.77 --- 0.86 

2810417H13Rik -0.77 --- -1.13 

3010026O09Rik --- --- -1.62 

3110002H16Rik --- --- 0.72 

3110043O21Rik 0.78 --- 1.14 

4921536K21Rik --- --- 1.63 

4930427A07Rik --- --- -0.82 

4930430F08Rik 0.79 --- --- 

5031439G07Rik --- --- 0.75 

5730508B09Rik --- --- -0.97 

9230110C19Rik 1.26 --- --- 

9330159F19Rik --- --- 0.97 

9930012K11Rik --- --- -0.95 

AA415398 --- --- 0.82 

Aasdhppt --- --- -0.75 

Abca8b 2.5 1.43 2.74 

Abcb6 2.03 1.35 1.77 

Abcc1 1.9 1.58 2.02 

Abcc2 3.72 2.81 4.08 

Abcc4 1.53 1.37 1.71 

Abcc5 1.03 --- 1.04 

Abcd4 --- --- 0.87 

Abhd4 1.36 1.03 1.64 

Abhd5 --- --- 0.92 

Ablim1 -0.8 --- -0.77 

Abr 1.05 --- 1.2 

Abtb1 1.24 --- 1.02 

Acan -0.91 --- --- 

Acot2 1.01 --- 1.38 

Acox2 1.12 --- 1.72 

Acrbp --- --- 0.92 

Actb --- --- -0.67 

Actg1 -0.72 --- -0.95 

Actn1 -0.78 --- -0.72 

Adamts1 -1.17 -1.36 --- 

Adamts6 -1.5 -1.58 -1.5 

Adamts9 -1.73 -1.22 -1.73 

Adap2 --- --- -1.26 

Adgra2 -1.03 --- -0.81 

Adgrg1 --- --- 1.14 

Adh7 2.75 1.86 1.86 

Adprm 1.08 --- 1.31 

Adra1a 2.56 1.79 2.5 

Adrm1 0.81 --- 1.13 

Afap1 --- --- 0.85 

Ahnak2 1.14 0.81 1.16 

Ahr -1.54 -0.92 -1.52 

Ahsa1 0.79 --- 0.84 

Ahsa2 1.42 0.77 1.39 

AI846148 --- --- 0.88 

Ajuba --- --- -0.96 

Akap1 --- --- -0.96 

Akap12 -0.86 --- -0.99 

Akap8l 0.79 --- 1.05 

Akr1c13 0.8 --- --- 

Akr1c14 2.3 1.37 1.73 

Akr1c19 3.31 2.39 3.16 

Akt1s1 --- --- 0.78 

Alas1 0.91 0.81 0.96 

Aldh18a1 --- --- 0.67 

Aldh1a1 2.27 1.5 1.7 

Aldh1l2 --- --- 1.06 

Aldh2 --- --- 0.71 

Aldh3a2 0.83 --- 0.92 

Aldoa --- --- 0.85 

Alg6 --- --- -0.96 

Als2 0.75 --- 0.79 
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Amacr --- --- -0.88 

Ammecr1 --- --- -0.75 

Amotl2 -0.86 --- -1.58 

Ampd3 3.35 3.12 3.67 

Anapc16 --- --- 0.79 

Angptl4 -0.97 --- -1.4 

Angptl6 --- --- 1.34 

Ankle1 --- --- -1.24 

Ankrd1 -2.23 -0.98 -2.75 

Ankrd11 --- --- 0.91 

Ankrd12 --- --- 1.05 

Ankrd40 --- --- -0.63 

Ankrd49 --- --- -0.8 

Anln -0.73 --- -0.91 

Antxr2 -0.79 --- --- 

Anxa7 --- --- 0.75 

Aox1 2.67 2.07 2.79 

Ap1ar --- --- -0.76 

Ap1s3 --- --- -0.84 

Apba3 --- --- 0.78 

Apobr 2.59 1.14 3.37 

Aqp9 1.84 --- 2.08 

Areg --- --- 1.37 

Arhgap18 --- --- -0.82 

Arhgap19 --- --- -1.35 

Arhgap27 --- --- 0.72 

Arhgap8 -1.23 --- -1.22 

Arhgef39 --- --- -1.01 

Arid4b --- --- 0.7 

Arid5a --- --- 1.36 

Arih2 --- --- 0.8 

Arl4a --- --- 0.79 

Arl4c -1.13 -0.85 -1.65 

Arl4d 1.19 --- --- 

Arl5b --- --- 0.93 

Arl8a --- --- 0.95 

Armcx3 --- --- 0.96 

Arrdc2 1.08 --- 0.91 

Arrdc3 0.66 --- --- 

Asns 0.69 --- 0.78 

Aspm --- --- -1.38 

Atad5 --- --- -1.02 

Atf3 1.39 --- 4.41 

Atf4 --- --- 1.11 

Atf5 1.01 --- 1.15 

Atg12 --- --- 0.65 

Atg14 0.97 --- 1.17 

Atp10a -1.01 --- --- 

Atp5sl 0.85 --- 0.87 

Atp6v0a1 --- --- 1.09 

Atp7a --- --- 0.79 

Atxn1 --- --- -0.81 

Atxn7l2 --- --- 0.77 

Aurkb -0.73 --- -1.09 

Avl9 --- --- 0.82 

B2m --- --- 0.73 

B4galt7 --- --- 0.75 

B4gat1 --- --- -0.78 

Bach1 1.63 1.01 1.98 

Bag3 1.62 1.42 2.57 

Bahcc1 -0.99 --- -1.36 

Bahd1 --- --- 0.65 

Bbc3 --- --- 0.86 

Bbs12 --- --- -0.98 

BC005537 0.71 --- 0.92 

BC025446 -0.88 --- -0.77 

BC055324 --- --- -0.65 

Bcar1 -1.31 --- -1.47 

Bcl3 -0.86 --- --- 

Blcap --- --- 1.03 

Blvrb 3.83 3.03 3.95 

Bmf --- --- -0.94 

Bnip3 0.97 --- 0.91 

Bok --- --- -1.16 

Bora -0.97 --- -1.31 

Borcs5 --- --- -0.81 

Brd2 --- --- 0.89 

Bsdc1 0.79 --- 1.13 

Btc --- --- 1.01 

Bub1b --- --- -0.88 

C2cd4c 1.04 --- --- 

C2cd5 --- --- -0.8 

Cachd1 2.24 1.67 2.61 

Cacna1h --- -1.03 -0.95 

Cacnb2 -1.06 --- --- 

Cacybp --- --- 0.85 

Cad --- --- -0.83 

Calcoco1 1.15 --- 1.11 

Calr3 2.88 2.24 2.91 

Camkk1 --- --- -1.43 
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Camkk2 -0.89 --- -1.16 

Camkmt --- --- 0.9 

Capn5 -0.92 --- -0.74 

Car15 --- --- 1.41 

Card10 -0.75 --- -1.45 

Casc4 -0.97 --- --- 

Casp8ap2 --- --- -0.89 

Cat 1.64 1.36 1.62 

Cav1 -0.79 --- -0.76 

Cav2 -0.88 --- -1.12 

Cbr1 1.6 0.89 1.32 

Cbx4 --- --- -0.81 

Cbx6 --- --- -1 

Cc2d2a --- --- -0.86 

Ccbe1 -1.42 --- -1.21 

Ccdc117 0.83 --- 0.75 

Ccdc186 --- --- 0.8 

Ccdc28a --- --- 0.75 

Ccdc71l --- --- 0.74 

Ccdc88a 1.06 0.99 1.43 

Ccdc92 --- --- 0.79 

Ccl2 -1.21 -1.12 -1.78 

Ccna2 --- --- -0.99 

Ccnb1 --- --- -1.05 

Ccnb2 --- --- -0.84 

Ccnd1 -0.96 --- -1.21 

Ccnd3 -0.73 --- -0.93 

Ccne1 -1.99 --- -2.41 

Ccne2 -1.25 --- -1.64 

Ccnf --- --- -0.85 

Ccng2 0.96 --- 1.31 

Ccsap --- --- -1.36 

Cd3eap --- --- -1.11 

Cd44 -0.88 --- --- 

Cd59a 0.94 --- 1.06 

Cd9 --- --- 0.7 

Cdc20 --- --- -0.87 

Cdc25b --- --- -0.74 

Cdc25c --- --- -0.91 

Cdc42ep2 1.79 1.56 1.69 

Cdc42ep5 --- --- 0.93 

Cdc6 -1.13 --- -1.35 

Cdc7 -0.74 --- -0.99 

Cdca2 --- --- -0.65 

Cdca7 -1.22 --- -1.77 

Cdca7l --- --- -1.16 

Cdk2 -0.75 --- -0.72 

Cdk6 -0.84 --- -0.86 

Cdkn1a --- --- 0.74 

Cdkn2aipnl --- --- -0.88 

Cdkn2b 1.75 1.24 2.02 

Cdkn2c --- --- -0.79 

Cdkn2d --- --- -1.62 

Cdr2l --- --- 0.95 

Cds2 0.97 --- 0.87 

Cdt1 -0.87 --- -0.67 

Cebpa 1.59 --- 1.67 

Cebpb --- --- 1.27 

Cenpa --- --- -1.1 

Cenpf --- --- -0.74 

Cenpl --- --- -0.78 

Cep55 --- --- -0.85 

Cep78 --- --- -0.71 

Cep85l --- --- 1.61 

Cep89 --- --- -0.69 

Cfap43 -0.72 --- --- 

Cgn --- --- -1.52 

Cgnl1 1.48 1.15 1.53 

Chac1 --- --- 2.38 

Chaf1b -0.74 --- --- 

Chchd10 --- --- 1.33 

Chd2 --- --- 1.12 

Chka -0.99 -0.76 -0.7 

Chmp1b --- --- 0.73 

Chn2 -0.86 --- --- 

Chordc1 0.97 0.82 1.06 

Chpf2 2.13 1.39 2.03 

Chrnb2 1.29 --- 1.39 

Chst15 --- --- -0.7 

Cish --- --- 1.01 

Ckap2 -0.77 --- -0.87 

Clcf1 --- --- 0.84 

Clcn2 --- --- 0.88 

Clcn6 --- --- 0.9 

Cldn2 -0.8 --- -0.89 

Clic4 --- --- 0.93 

Clip2 --- --- 0.81 

Clk1 --- --- 0.82 

Clk3 --- --- 0.67 

Clk4 --- --- 0.8 
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Clmn --- --- -0.79 

Clspn --- --- -0.73 

Cnn2 -0.95 --- -1.18 

Cnnm2 0.86 --- --- 

Cnot6 --- --- -0.68 

Cnppd1 0.98 --- 1.14 

Cobl --- --- 0.93 

Coil --- --- -0.9 

Col11a2 1.41 --- 1.46 

Col4a5 --- --- -0.8 

Coro2a --- --- 1.01 

Cotl1 --- --- -0.72 

Cpeb2 --- --- 1.13 

Cpt1a 0.92 --- 0.83 

Cpt1b --- --- 0.87 

Crb2 --- --- -1.19 

Crebrf --- --- 0.9 

Creg1 2.32 2 2.58 

Creld1 0.9 --- --- 

Crem 0.84 --- 1.41 

Crim1 -0.72 --- -0.82 

Crlf1 --- 0.97 1.24 

Crocc --- --- -0.88 

Crocc2 --- --- -1.12 

Crtc1 1.05 0.94 1.34 

Cryab --- --- 1.15 

Csf1 --- --- 0.73 

Csnk1e --- --- 0.76 

Csrnp2 0.72 --- 0.8 

Cstb --- --- 0.72 

Ctdsp2 --- --- -0.67 

Ctdspl --- --- -0.9 

Ctgf -3.76 -2.09 -4.45 

Cth 1.17 --- 1.35 

Ctns --- --- 0.97 

Ctps --- --- -1.04 

Ctsb --- --- 0.65 

Ctsd 0.92 --- 1.07 

Cxcl1 -1.26 --- --- 

Cxcl5 -1.53 -1.17 -2.39 

Cyb5a 1.76 1.63 1.97 

Cyb5r1 --- --- 0.97 

Cyld --- --- -1.08 

Cyp1a1 2.61 1.97 --- 

Cyp2j6 0.85 --- 1 

Cyp3a13 --- --- 0.94 

Cyp51 2.25 --- 2.51 

Cyr61 -1.36 --- -1.75 

Cys1 --- --- 1.17 

D630003M21Rik --- --- -1.42 

D930048N14Rik --- --- -1.1 

Dact2 1.33 --- 0.88 

Dbt --- --- -0.87 

Dck --- --- -0.84 

Dcun1d3 --- --- 1.01 

Ddit3 1.6 --- 2.82 

Ddit4 0.98 --- 2.1 

Ddx11 --- --- -1.01 

Ddx20 --- --- -0.88 

Ddx41 --- --- -0.81 

Ddx51 --- --- -0.72 

Dedd2 2.46 1.48 2.77 

Dennd4a --- --- 1.07 

Depdc1a --- --- -1.04 

Depdc7 1.05 --- 1.49 

Deptor 1.06 --- 0.91 

Dgat2 --- --- 1.09 

Dhcr24 0.67 --- --- 

Dhodh --- --- -0.86 

Dhrs13 --- --- -1.09 

Dhrs3 -1.34 -1.18 -1.91 

Dhrs9 -1.26 --- --- 

Dimt1 -0.78 --- -1.08 

Dip2b --- --- 0.81 

Dkc1 -0.74 --- -0.8 

Dlg5 --- --- 0.99 

Dlgap4 --- --- 0.98 

Dlk2 -1.04 --- -1.98 

Dna2 -1.13 --- -1.22 

Dnaja1 1.2 0.88 1.63 

Dnaja4 1.51 0.99 2.74 

Dnajb1 1.38 0.99 2.96 

Dnajb2 1.47 0.84 1.41 

Dnajb4 1.96 1.6 2.23 

Dnajb9 --- --- 1.48 

Dnajc27 -1.16 --- -1.15 

Dnase2a 1.46 1.19 1.4 

Dnhd1 --- --- 1.14 

Dnph1 --- --- -1 

Dock5 --- --- 0.84 

162



Dpp7 --- --- 0.9 

Dpy19l1 --- --- -0.97 

Dsel --- --- -0.79 

Dtl -1.29 --- -1.29 

Dtx2 --- --- 0.78 

Dusp1 2.31 2.06 4.15 

Dusp10 -0.79 --- -0.66 

Dusp14 -1.07 --- -1.03 

Dusp18 1.46 1.08 1.44 

Dusp4 1.36 0.8 1.86 

Dusp5 -1.21 --- --- 

Dusp6 --- --- 0.98 

Dusp7 -1.22 --- -0.84 

Dut --- --- -0.86 

Dync1h1 --- --- 0.77 

Dync1li1 --- --- 0.67 

Dyrk1b 1.12 --- 1.44 

Dzip1l --- --- -0.76 

E2f6 0.96 0.89 1.08 

E2f7 -0.88 --- -0.95 

E2f8 -1.51 --- -1.61 

E330009J07Rik 1.11 --- 1.19 

Eaf1 --- --- 0.89 

Ecm1 --- --- 0.74 

Ect2 -0.76 --- -1.03 

Edn1 --- --- -1.95 

Eea1 --- --- 0.83 

Eef2kmt --- --- -0.71 

Eepd1 -0.83 --- -1.18 

Efcab8 --- --- 0.95 

Efnb1 1 --- 1.22 

Efnb2 -1.42 -0.68 -1.13 

Egfr -0.96 --- --- 

Egr1 -3.62 -2.38 --- 

Eid3 1.97 1.82 2.33 

Eif2s2 --- --- 0.83 

Eif4ebp1 0.83 --- 1.16 

Elf1 --- --- 1.01 

Elmo1 --- --- 0.97 

Eml4 -0.86 --- -0.83 

Emp1 -0.89 --- -0.8 

Enc1 -1.22 --- -1.05 

Endod1 --- --- -0.66 

Engase --- --- -1.29 

Enpp1 -0.88 -0.84 -0.86 

Enpp4 --- --- -0.83 

Entpd5 1.52 1.07 1.46 

Epb41 --- --- 0.86 

Epha7 --- --- -1.04 

Ephx1 1.63 1.29 1.82 

Eprs --- --- 0.73 

Ercc6l --- --- -0.8 

Ereg --- --- 0.81 

Eri1 --- --- -0.7 

Eri2 --- --- -0.79 

Ern1 --- --- 1 

Ero1l --- --- 0.77 

Ero1lb 1.15 0.86 1.12 

Errfi1 -1.2 -0.89 --- 

Esd 1.61 1.4 1.54 

Espl1 --- --- -1.03 

Esyt1 --- --- 0.72 

Etaa1 --- --- -0.97 

Ets1 -0.84 --- -0.83 

Exo1 -0.74 --- -1.01 

Ext1 -0.78 --- -0.79 

Eya2 --- --- 1.14 

Ezr --- --- 0.71 

F2rl1 -1.35 --- -1.29 

F3 -2.17 -0.89 -2.19 

Faap100 -0.84 --- -0.98 

Faap24 --- --- -0.84 

Fadd --- --- -0.83 

Fads1 --- --- 0.89 

Fads2 0.99 --- 1.23 

Fam102a --- --- 1.09 

Fam102b -1.32 -0.87 -1.06 

Fam118a --- --- -0.78 

Fam126a --- --- 0.74 

Fam13a 2.35 1.44 2.43 

Fam21 0.91 --- 1.07 

Fam214b 1.04 --- 1.17 

Fam219a 1.98 1.44 2.02 

Fam63a --- --- 0.72 

Fam64a --- --- -1.08 

Fam65b -1.92 -1.29 -2.88 

Fam73b --- --- -0.76 

Fam83d --- --- -1.1 

Fam83g --- --- 1.29 

Fam83h --- --- 0.87 
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Fam84b --- -0.83 --- 

Fanca --- --- -0.8 

Fancb --- --- -0.92 

Fancd2 --- --- -0.68 

Fbxl20 0.77 --- 0.76 

Fbxo11 --- --- 0.72 

Fbxo30 1.01 --- 1.11 

Fbxo31 0.98 --- 1.03 

Fbxo32 1.06 --- 0.89 

Fbxo48 --- --- -1.23 

Fbxo5 -1.08 --- -1.55 

Fbxo9 1.06 0.82 0.82 

Fchsd1 0.97 --- --- 

Fchsd2 -1.08 --- -1.09 

Fdft1 1.32 --- 1.44 

Fech --- 0.79 0.8 

Fen1 --- --- -0.93 

Fermt1 -1 -0.75 -1.14 

Fermt2 -0.73 --- -0.87 

Fermt3 --- --- 1.73 

Fgd3 1.18 0.93 --- 

Fgf1 2.37 1.98 2.17 

Fgfrl1 --- --- 0.77 

Fhdc1 --- --- 1.1 

Fhl2 -0.96 --- -1.22 

Fhl3 -0.79 --- --- 

Fignl1 -0.71 --- -1.34 

Fip1l1 --- --- 0.74 

Fjx1 --- --- -0.8 

Flcn --- --- 0.77 

Flrt2 -2.03 --- -1.72 

Flrt3 --- --- 0.91 

Flywch1 1.13 --- 1 

Fndc4 --- --- -0.94 

Fopnl 1.14 1 0.98 

Fosl2 --- --- 0.91 

Foxj1 --- --- -1.1 

Foxn3 --- --- 1.02 

Foxo3 --- --- 0.88 

Foxq1 1.74 1.46 1.45 

Fpgt 0.78 --- --- 

Frmd4a -0.85 --- --- 

Frmd6 -1.32 -0.8 -1.24 

Fth1 1.66 1.64 2.14 

Ftl1 1.37 0.89 1.52 

Fxyd5 --- --- 1 

Fzd4 --- --- -0.9 

Fzd7 1.09 0.75 1.06 

G0s2 --- --- -1.12 

G6pdx 0.79 --- 1.23 

Gaa 0.72 --- 0.93 

Gabarapl1 2.43 1.61 2.64 

Gabpb2 --- --- -0.76 

Gadd45a 1.68 --- 2.29 

Gadd45b --- --- -1.32 

Gart --- --- -0.81 

Gas2l3 --- --- -0.88 

Gata3 --- --- 1.52 

Gba --- --- 0.73 

Gbe1 1.44 0.91 1.6 

Gch1 1.32 --- 1.6 

Gclc 3.72 3.31 4.12 

Gclm 2.61 2.26 2.72 

Gcnt2 --- --- 0.76 

Gcnt3 --- --- -0.91 

Gdf11 --- --- 0.89 

Gdf15 1.93 1.48 4.41 

Gemin4 --- --- -0.95 

Gemin8 -1.11 --- -0.99 

Ggta1 -0.71 --- -0.75 

Ghdc --- --- 0.8 

Ghitm --- --- 0.66 

Gimd1 --- --- -0.79 

Gjb1 1.21 1.18 1.59 

Gjb3 -0.89 --- -1.55 

Gla 0.95 --- 1.11 

Glis2 --- --- -0.92 

Glmp --- --- 0.77 

Glul 1.12 0.77 1.28 

Glyat 2.5 2.01 2.81 

Gm10073 --- --- 1.23 

Gm21949 --- --- -1.15 

Gm21972 --- --- 0.93 

Gm42878 --- --- 0.72 

Gm42906 --- --- -1.22 

Gm43518 --- --- -0.86 

Gm43552 1.15 0.82 1.1 

Gm45208 --- --- 0.69 

Gm7694 1.05 --- 1.08 

Gm8797 --- --- 1.26 
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Gm9938 --- --- -0.94 

Gmnn --- --- -0.9 

Gnal --- --- 0.77 

Gpam -0.77 --- -1.19 

Gpcpd1 1.72 1.12 1.93 

Gpd1l --- --- -0.7 

Gpi1 --- --- 0.76 

Gpr137b 0.81 0.88 1.12 

Gpr180 --- --- -0.98 

Gprc5a -1.34 --- --- 

Gpt2 --- --- 0.88 

Gpx1 0.82 --- --- 

Gramd1a --- --- 0.79 

Gramd3 --- --- 0.96 

Gramd4 -0.91 -0.71 -0.88 

Grasp --- --- 0.8 

Grik5 --- --- 1.01 

Grina --- --- 0.72 

Grk6 --- --- -0.81 

Grn 0.78 --- 0.82 

Gsg2 -0.99 --- -1.51 

Gsr 1.36 1.26 1.48 

Gss 2.37 1.6 2.38 

Gsta1 7.09 6.46 6.79 

Gsta3 3.11 2.35 2.96 

Gsta4 5.13 4.49 4.69 

Gstm1 1.91 1.55 2.28 

Gsto1 --- --- 0.77 

Gstp1 2.35 1.63 1.76 

Gtf2ird1 --- --- 0.99 

Gxylt2 -1.18 --- -1.13 

H1f0 -1.11 --- -1.51 

H2-DMa 1.39 --- 1.4 

Hap1 --- --- -0.9 

Haus5 --- --- -1.07 

Havcr1 -1.5 -0.92 -1.54 

Hax1 --- --- 0.87 

Hbegf -1.1 --- -0.9 

Hbp1 0.97 --- 1.24 

Hdac4 --- --- 0.74 

Heatr3 --- --- -0.68 

Heca --- --- 0.95 

Hells -1.38 --- -1.41 

Herpud1 --- --- 1.16 

Hes1 -0.97 --- -1.41 

Hfe 2.39 1.88 2.22 

Hgs --- --- 0.87 

Hhipl1 --- --- 1.31 

Hid1 --- --- 1.39 

Hist1h1c 1.16 --- 1.05 

Hist3h2a 0.96 --- 0.81 

Hivep2 -1.05 --- --- 

Hk2 -1.17 --- --- 

Hmga2 -0.84 --- --- 

Hmgcr 1.29 --- 1.48 

Hmgcs1 1.37 --- 1.35 

Hmmr --- --- -0.87 

Hmox1 6.6 6.03 7.55 

Hnf1b -1.02 --- --- 

Hnrnpr --- --- -0.75 

Homer3 0.97 0.71 1.13 

Hook1 --- --- -0.76 

Hpdl --- --- -1.05 

Hr --- --- 1.12 

Hs3st3b1 1.17 --- --- 

Hsd17b7 --- --- 0.87 

Hsf2 --- --- 0.81 

Hsp90aa1 1.19 0.86 1.71 

Hsp90ab1 0.81 --- 1.21 

Hspa1a 5.39 4.26 6.42 

Hspa1b 5.38 4.36 6.45 

Hspa2 --- --- 0.8 

Hspa4l 1.17 --- 1.12 

Hspa8 1.14 1 1.61 

Hspb1 2.25 1.58 3.3 

Hspb8 1.84 1.47 2.11 

Hsph1 2.12 1.46 2.65 

Htatip2 2 1.05 1.66 

Htr1b -1.25 --- -1.37 

Hyal1 1.03 --- 1.15 

Hyal3 1.09 0.83 1.37 

Icam1 -1.15 --- -0.85 

Ick 1.64 1.52 2.04 

Id2 -1 --- -1.45 

Idh1 2.64 1.48 2.54 

Idi1 1.27 --- 0.98 

Ier3 --- --- 0.67 

Iffo2 -0.72 --- -0.74 

Ifi202b 0.85 --- 1.47 

Ifi203 --- --- 1.03 
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Ifi47 --- --- -1.2 

Ifit2 --- --- -1.44 

Ifngr1 --- --- -0.74 

Ifnlr1 --- --- -1.01 

Igfbp3 -0.86 --- -0.67 

Igip --- --- -1.15 

Igsf9 -0.9 --- -1.16 

Igtp 1.52 1.24 1.33 

Ikbkg 1.45 1.06 1.06 

Ikzf2 --- --- -1.38 

Il11 --- --- 1.26 

Il18rap --- --- -1.01 

Il1r1 --- --- -1.17 

Il24 -2.11 --- -1.7 

Il33 --- --- 0.72 

Il4ra 0.96 0.91 1.15 

Il5ra -2.91 -2 -3.48 

Il7 --- --- 0.99 

Impact 1.41 1 1.75 

Inhba -1.43 --- -0.87 

Inhbb -1.15 --- -2.33 

Inpp4b -1.81 --- -1.21 

Inpp5j 0.91 --- 1.25 

Insig1 2.28 --- 3.06 

Ipp --- --- -0.93 

Iqck --- --- 0.89 

Iqgap3 -0.77 --- -0.89 

Irs2 1.09 1.03 0.75 

Itga3 -0.81 --- --- 

Itga6 --- --- -0.64 

Itga7 1.33 1.09 1.84 

Itgb6 -1.59 -1.04 -2.88 

Itpripl1 --- --- -0.75 

Itsn1 --- --- 0.7 

Jade2 -1.78 -1.07 -2.28 

Jade3 0.85 --- 1.07 

Jag1 -1.18 -0.78 -1.12 

Jmjd6 --- --- 0.75 

Jrk --- --- -0.82 

Jun --- --- 2.46 

Junb -1.18 --- -0.97 

Jup --- --- 0.74 

Kank3 --- --- -1.4 

Kbtbd8 --- --- -1.19 

Kcmf1 --- --- 0.91 

Kcnab1 --- --- -0.71 

Kcnk5 --- --- -0.84 

Kctd18 0.92 --- --- 

Kdm2a --- --- 0.83 

Kdm3a --- --- 0.83 

Kdm4a 0.83 --- 0.89 

Keap1 0.97 --- 0.95 

Kif11 --- --- -0.82 

Kif14 --- --- -1.21 

Kif15 --- --- -0.82 

Kif18a -0.81 --- -1.04 

Kif1b 0.76 --- 0.91 

Kif20a --- --- -0.63 

Kif20b --- --- -0.7 

Kif21a 0.94 --- 1.32 

Kif23 --- --- -0.68 

Kif24 --- --- -0.99 

Kif2a 1.03 0.94 1.4 

Kif2c --- --- -0.71 

Kif3c 0.83 --- 1.1 

Kif7 --- --- -1.21 

Kifc3 --- --- -0.9 

Kitl 1.07 0.83 0.85 

Klc4 0.91 --- 0.78 

Klf11 0.89 --- 1.17 

Klf15 --- --- -1.62 

Klf16 -0.95 --- -0.89 

Klf4 --- --- 1.43 

Klf5 --- --- 0.81 

Klf6 --- --- 0.69 

Klf7 -0.99 --- -1 

Klf9 --- --- 1.02 

Klhl15 --- --- 0.73 

Klhl21 --- --- 0.74 

Klhl24 1.46 --- 1.58 

Klhl26 --- --- 0.79 

Klhl5 --- --- -0.7 

Krt7 --- --- -0.88 

Krt80 -1.04 --- -1.83 

Ksr1 1.26 0.97 1.19 

L2hgdh --- --- -0.68 

L3mbtl2 --- --- -0.86 

Lancl2 --- --- -0.63 

Lancl3 1.28 1.24 1.13 

Lasp1 --- --- -0.71 

166



Layn 1.25 1.05 1.71 

Lcmt2 --- --- -0.83 

Ldlr 1.51 --- 1.72 

Lfng --- --- -1.02 

Lgals8 0.77 --- 1.26 

Lgalsl --- --- -0.99 

Lgr6 -1.36 --- -1.73 

Lhfpl2 --- --- 0.76 

Lif -1.2 --- -1.04 

Lig1 -0.8 --- -0.87 

Lin37 --- --- 0.85 

Lipe 0.95 --- 1.03 

Lmbr1l --- --- 0.72 

Lmcd1 -1.96 -1.15 -2.26 

Lmln --- --- -1.45 

Lmnb2 --- --- -0.86 

Lonrf3 --- --- 0.83 

Lpar2 0.69 --- --- 

Lpcat1 -0.91 --- -1.37 

Lpcat4 -0.84 --- -0.74 

Lpin1 1.99 --- 2.41 

Lpin2 1.31 --- 1.61 

Lrig1 -0.76 --- -0.64 

Lrp8 1.38 1.28 1.66 

Lrr1 --- --- -1.2 

Lrrc49 --- --- 0.73 

Lrrc8c -1.21 --- --- 

Lrrc8d --- --- 0.97 

Lrrfip2 --- --- 0.94 

Lrtm2 1.44 --- --- 

Lss 1.09 --- 0.93 

Lurap1l --- --- -0.8 

Ly75 --- --- -0.79 

Ly96 --- --- 1.27 

Lyar -0.76 --- --- 

Maff --- --- 1.07 

Mafg 1.19 0.8 1.39 

Mafk --- --- 0.96 

Maml2 -0.96 --- --- 

Man2a1 --- --- 0.68 

Maoa 1.08 --- 0.9 

Map1b --- --- 1.44 

Map1lc3b 1.13 --- 1.34 

Map2k6 -1.55 -0.95 -1.38 

Map3k4 --- --- -0.69 

Map4k4 --- --- 0.78 

Mapk9 0.78 --- 0.96 

Mapkapk5 --- --- 0.72 

Mars2 --- --- -1.09 

Masp1 -0.92 --- -1.08 

Mat2a --- --- -0.97 

Mb21d2 --- --- 0.91 

Mccc2 --- --- -0.9 

Mcm2 -0.9 --- -0.87 

Mcm3 -0.88 --- -0.91 

Mcm4 -0.91 --- -0.9 

Mcm6 --- --- -0.69 

Mcoln1 --- --- 0.73 

Mdfic --- --- 0.65 

Mdm1 --- --- -1 

Mdm2 --- --- 0.96 

Mecom -1.52 -1.07 -1.55 

Mef2d --- --- 0.9 

Melk --- --- -0.79 

Mettl21a --- --- -0.83 

Mettl7a1 1.85 1.46 1.76 

Mettl7b 1.15 1.18 1.34 

Mfsd6 0.9 --- 1.25 

Mgat3 --- --- -1.35 

Mgea5 0.69 --- 0.85 

Mgst1 1.79 1.33 1.62 

Mgst2 1.57 1.41 1.33 

Mia3 --- --- 0.68 

Mib2 --- --- 0.82 

Mical2 -0.99 --- -0.81 

Micall2 --- --- -0.85 

Mid1ip1 --- --- -0.93 

Mipol1 --- --- -0.7 

Mkx --- --- -1.02 

Mlkl 0.85 0.8 1.14 

Mllt11 1.13 1.31 2.2 

Mlycd --- --- -0.89 

Mmachc -1.16 --- -1.29 

Mmp11 0.82 --- --- 

Mmp13 --- --- 1.14 

Mms22l --- --- -0.83 

Mndal --- --- 0.88 

Mns1 --- --- -0.89 

Mocos 2.53 1.75 2.86 

Mocs1 1.11 --- 1.23 
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Mogs --- --- -1.09 

Mplkip --- --- -0.83 

Mpp4 1.14 1.06 1.38 

Mpzl3 --- --- 0.83 

Mras --- --- 0.91 

Mrc1 -1.77 -1.04 -1.76 

Mre11a --- --- -0.68 

Mrpl14 1.03 --- 0.88 

Mrps6 0.96 --- 1.02 

Msantd3 1.15 1.05 1.3 

Msantd4 0.73 --- --- 

Msh6 -1.09 --- -1.53 

Msmo1 1.54 --- 1.51 

Msrb3 --- --- -0.76 

Mtcl1 -0.81 --- --- 

mt-Co1 --- --- 1.06 

Mthfd1 --- --- -0.71 

Mthfr 1.19 --- 1.31 

Mtmr10 -1.72 -0.75 -1.7 

Mtmr3 --- --- 0.71 

Mttp --- --- 0.88 

Mturn 1.45 --- 1.32 

Mvd 0.92 --- --- 

Mxd1 --- --- 0.95 

Mxd3 -1.39 --- -1.89 

Mxd4 0.73 --- --- 

Myc -0.75 --- -0.63 

Myo5c 0.75 --- 0.72 

N4bp3 --- --- -0.84 

Naif1 --- --- 0.82 

Nampt 1.07 --- 1.49 

Nanos1 -1.19 --- -1.01 

Napa --- --- 0.68 

Napb 1.1 --- 1.16 

Napepld --- --- -1.02 

Narf 0.89 --- 0.72 

Nars --- --- 0.73 

Nat6 1.05 --- 1.29 

Nbeal2 -0.78 --- -1.01 

Ncaph -0.68 --- -0.8 

Ncbp2 --- --- -0.77 

Ndel1 --- --- 0.75 

Ndrg1 1.6 0.85 2.41 

Neil3 --- --- -0.81 

Nek6 -0.84 --- -0.78 

Net1 -0.95 --- -0.7 

Neurl1b --- --- -1.01 

Neurl3 --- -1.06 --- 

Nfatc4 1.18 --- --- 

Nfe2l1 --- --- 0.83 

Nfkb2 -0.83 --- --- 

Nfkbia -1 -0.77 --- 

Nfkbie --- --- -0.75 

Nfkbiz -0.85 --- -1.05 

Ngf 1.47 1.5 2.29 

Nid1 0.95 1.26 1.36 

Nif3l1 1.06 --- 1.41 

Noa1 --- --- -1.06 

Nolc1 -0.73 --- --- 

Notch2 --- --- 0.77 

Npc1 --- --- 0.91 

Npcd --- --- -0.99 

Nploc4 --- --- 0.94 

Npnt -0.93 --- -0.89 

Nr1h4 -1.15 --- -1.29 

Nr4a1 -1.21 --- --- 

Nrarp --- --- -1.35 

Nrep 0.98 --- --- 

Nrg1 -0.9 --- --- 

Nsdhl 1.29 --- 1.28 

Nsfl1c --- --- 0.69 

Nuak1 --- --- -0.8 

Nuak2 --- --- -1.44 

Nub1 0.78 --- 0.82 

Nucks1 --- --- -0.67 

Nudt12 0.95 --- --- 

Nuf2 -0.75 --- -1.03 

Numbl 2.19 1.74 2.31 

Nup107 --- --- -0.73 

Nup210l --- --- 0.69 

Nup37 --- --- -0.97 

Nup85 --- --- -0.83 

Nupl2 --- --- -1.1 

Nupr1 1.55 --- 2.14 

Nusap1 --- --- -0.93 

Nxt1 --- --- -0.83 

Nyap1 --- --- 1.09 

Obfc1 -0.66 --- --- 

Oip5 --- --- -0.76 

Olfr56 --- --- -1.19 
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Onecut1 --- --- -1.64 

Osbpl9 --- --- 0.69 

Oser1 --- --- 1.4 

Osgin1 2.1 1.87 2.75 

Otud4 -0.93 --- -0.79 

P2ry1 --- --- -1.01 

P4ha1 1.35 0.79 1.66 

P4ha2 --- --- 0.74 

Pacsin2 --- --- 0.72 

Padi2 -0.81 --- -1.1 

Pafah2 0.91 --- 0.68 

Pag1 -1.2 --- -1.35 

Palld -1.09 --- -0.85 

Palmd -0.96 --- -1.1 

Pank1 --- --- -0.83 

Papd5 --- --- 0.74 

Papd7 --- --- -0.66 

Papss2 1.73 --- 1.98 

Parp1 --- --- -0.66 

Parp8 -1 --- --- 

Parpbp -0.79 --- -1.01 

Pax3 --- --- 0.97 

Pbk --- --- -1.19 

Pcdh1 -0.79 --- --- 

Pcdh7 -1.6 -0.98 -1.41 

Pcdh9 --- --- 1.55 

Pcsk9 1.5 --- 1.35 

Pcx 1.54 --- 1.31 

Pcyt2 0.84 --- 0.74 

Pdcd4 0.8 --- --- 

Pddc1 --- --- -0.83 

Pde4b --- 1.38 1.09 

Pdgfb -1.72 -1.09 -2.37 

Pdk4 1.35 --- 1.12 

Pdlim7 --- --- 1.04 

Pdss1 -0.77 --- -0.73 

Pdxk -1.02 -1.03 -1.36 

Pex13 1.09 --- 1.12 

Pfas --- --- -0.87 

Pgd 2.41 1.99 2.39 

Pgm2l1 0.91 --- 0.77 

Phf1 0.99 --- 1.19 

Phf10 --- --- 1.04 

Phf19 -1.62 -0.9 -2.02 

Phlda1 --- 0.84 1.67 

Pif1 -0.91 --- -1.59 

Pik3ap1 0.92 --- 0.74 

Pilra -0.73 --- --- 

Pilrb1 -0.94 --- --- 

Pim3 --- --- -0.81 

Pla2g4a 1.13 0.91 0.86 

Plat --- --- 0.71 

Plau -1.47 --- -1.3 

Plaur --- --- 0.85 

Pld3 --- --- 0.73 

Plek2 -1.03 --- -0.8 

Plekha2 --- --- -0.75 

Plekha7 -0.98 --- -1 

Plekho1 --- --- 0.74 

Plekho2 -0.73 --- --- 

Plk1 -0.72 --- -1.08 

Plk3 1.5 1.29 3.27 

Plk4 --- --- -0.72 

Plod1 --- --- 0.68 

Plod2 1.32 0.82 1.84 

Plscr2 --- --- -1.01 

Plxnd1 -0.78 --- --- 

Pmaip1 --- --- 0.77 

Pmvk 1.37 --- 1.17 

Pnpla8 --- --- 0.71 

Pnrc1 1.07 --- 1.81 

Pold1 --- --- -0.83 

Pole2 -1.01 --- -0.98 

Polh -0.81 --- -1.08 

Por --- --- 0.74 

Pou6f1 1.04 --- 1.22 

Ppard 1.09 1.02 1.73 

Ppat -0.76 --- -0.94 

Ppl -0.71 --- -0.96 

Ppp1r13b --- --- 0.91 

Ppp1r13l --- --- -0.89 

Ppp1r15a 1.17 --- 2.72 

Ppp1r3e --- --- -0.87 

Ppp3ca --- --- 0.89 

Pqlc2 1.22 0.82 1.34 

Prc1 --- --- -0.85 

Prdm2 --- --- 0.9 

Prdx1 0.93 --- 0.92 

Prdx6 2.18 1.58 2.28 

Prex2 --- --- -0.88 
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Prim1 --- --- -0.63 

Prim2 -0.81 --- --- 

Prkci -0.69 --- -0.84 

Prob1 1.01 --- 0.84 

Procr 3.31 2.74 4.38 

Prodh --- --- -0.99 

Prorsd1 --- --- -1 

Proser2 1.75 1.65 2.02 

Prox1 --- --- 1.03 

Prr13 1.16 1.05 1.67 

Prss23 -1.24 -0.9 -2.03 

Prx --- --- 0.83 

Psap 0.84 --- 0.79 

Psmb3 --- --- 1 

Psmc6 --- --- 0.74 

Psmd11 0.9 0.78 1.12 

Psmd4 --- --- 0.79 

Psmd5 0.9 0.72 0.84 

Psme4 0.74 --- 0.83 

Psph 1.01 --- 1.06 

Ptger4 --- --- 1.26 

Ptgr1 1.42 --- 1.11 

Ptgs2 2.08 2.1 3.18 

Ptprb -0.9 --- -1.36 

Ptrh2 --- --- -0.89 

Purb --- --- -0.71 

Pvr --- --- 1.27 

Pxmp2 -1.35 --- -1.31 

Pxylp1 --- --- -1.24 

Pycr1 --- --- 0.73 

Rab17 --- --- -1.05 

Racgap1 --- --- -0.71 

Rad18 --- --- -0.73 

Rad23b --- --- 0.76 

Rad51ap1 -0.73 --- -0.99 

Radil 2.05 1.86 2.3 

Raf1 --- --- 0.76 

Ralgps2 -0.84 --- -0.73 

Ranbp6 --- --- -0.75 

Rap2b --- --- 0.91 

Raph1 --- --- 1.32 

Rasgrf2 -0.92 --- --- 

Rasgrp3 --- -0.86 -1.53 

Rasl12 --- --- -0.84 

Rassf6 1.37 1.18 1.5 

Rassf8 0.78 --- 0.69 

Rbbp6 --- --- 0.78 

Rbm33 --- --- 0.76 

Rbpms2 --- --- 0.8 

Rccd1 --- --- -0.8 

Rcl1 --- --- -0.66 

Rdh10 --- --- -1.16 

Recql --- --- -0.91 

Reep6 --- --- 1.48 

Relb -1.21 -1.21 -1.04 

Rem2 -1.2 --- -1.17 

Reps1 --- --- 0.9 

Rfc3 -0.88 --- -0.71 

Rfc5 -0.73 --- -0.92 

Rgs17 --- --- 0.83 

Rgs20 -0.85 --- --- 

Rhbdd1 --- --- 1.06 

Rhbdf2 --- --- 1.06 

Rhob --- --- 0.89 

Rhobtb3 --- --- -0.74 

Rhpn2 1.1 0.86 1.14 

Riok3 0.73 --- 0.84 

Rit1 1.46 0.9 1.48 

Rmi2 -1.11 --- -1.08 

Rnd1 -1.25 --- -0.75 

Rnd2 1.09 --- 1.04 

Rnf115 --- --- 0.95 

Rnf145 -1.5 -0.76 -1.86 

Rnf183 3.14 2.69 3.72 

Rnf19b --- --- 1.05 

Rnf39 -1.08 --- -1.42 

Rnf41 --- --- 0.68 

Rock2 --- --- 0.79 

Ror1 -1.36 --- -1.39 

Rora 1.38 --- 2.18 

Rorb --- --- 0.93 

RP23- 145I16.3 0.94 --- 0.99 

Rragd 1.36 --- 1.28 

Rrm1 --- --- -0.64 

Rrm2 -0.75 --- -0.82 

Rrp12 --- --- -0.93 

Rrp1b -1.06 --- -1.09 

Rsrp1 --- --- 0.75 

Rtkn2 --- --- -1.1 

Runx2 -1.1 --- -1.19 
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Rusc2 --- 0.77 1.14 

Rybp --- --- 0.95 

Ryr3 --- --- 1.78 

S1pr2 -1.07 --- -1.12 

Saraf 0.98 --- 0.93 

Sars --- --- 0.78 

Sat1 --- --- 1.13 

Sbds --- --- 1.17 

Sc5d --- --- 0.89 

Scamp5 --- --- -1 

Scarb1 0.85 --- 0.89 

Scd2 1.36 --- 0.68 

Schip1 --- --- -1.15 

Scpep1 0.77 --- 0.85 

Sdpr -0.84 --- -1.41 

Sec24d --- --- 1.29 

Sel1l3 0.92 --- 1.28 

Sema6c 1.06 --- --- 

10-Sep --- --- -0.73 

Sepw1 1.19 --- --- 

Serinc3 --- --- 0.86 

Serpinb9 1.48 1.16 1.52 

Serpinb9b 1.13 1.06 1.33 

Serpind1 -1.63 --- -1.39 

Serpinh1 --- --- 0.74 

Sertad2 --- --- 0.8 

Sertad3 0.91 --- 0.97 

Sertad4 -1.77 -1.21 -2.08 

Sesn2 --- --- 1.38 

Sesn3 1.3 0.91 1.39 

Sf1 --- --- 0.71 

Sfxn4 --- --- 0.78 

Sgk1 1.09 1.13 1.1 

Sgk3 --- --- 0.82 

Sgtb 1.15 --- 1.7 

Sh3bgrl2 --- --- 0.86 

Sh3bp1 -1.07 --- -0.9 

Sh3bp2 2.1 1.54 2.65 

Sh3bp5 -0.72 --- -0.95 

Sh3tc1 0.92 --- 0.77 

Shank2 --- --- -0.93 

Shcbp1 --- --- -0.8 

Shmt1 -0.89 --- -0.94 

Siglecg --- --- -0.98 

Sim2 --- --- 0.74 

Six4 1.4 1.3 1.29 

Six5 --- --- -1.03 

Ska1 --- --- -0.84 

Ska3 --- --- -0.84 

Skp2 --- --- -0.83 

Slbp --- --- -0.8 

Slc12a2 --- --- -0.78 

Slc16a10 --- --- 1.58 

Slc16a13 1.05 --- 0.82 

Slc16a6 1.11 --- 1.17 

Slc19a2 --- --- 0.77 

Slc1a4 3.01 2 3.54 

Slc20a1 --- --- 1.09 

Slc22a23 1.51 1.27 1.74 

Slc22a4 1.91 1.51 2.07 

Slc25a1 0.77 --- 0.96 

Slc25a12 --- --- -0.66 

Slc25a15 --- --- -0.99 

Slc25a27 --- --- 1.04 

Slc25a33 0.93 --- 1.25 

Slc25a45 --- --- 1 

Slc25a48 -1.01 --- -1.63 

Slc27a6 -1.31 --- -1.13 

Slc29a2 -1.45 --- -1.24 

Slc2a1 0.97 0.77 1.72 

Slc2a2 --- --- -1.47 

Slc30a1 --- --- -1.05 

Slc35b2 -0.97 --- -1.15 

Slc35d1 --- --- 0.95 

Slc35e2 --- --- 0.81 

Slc35e4 --- --- 0.96 

Slc35g1 --- --- -0.71 

Slc36a4 --- --- -0.77 

Slc38a2 --- --- 0.97 

Sfxn4 --- --- 0.78 

Sgk1 1.09 1.13 1.1 

Sgk3 --- --- 0.82 

Sgtb 1.15 --- 1.7 

Sh3bgrl2 --- --- 0.86 

Sh3bp1 -1.07 --- -0.9 

Sh3bp2 2.1 1.54 2.65 

Sh3bp5 -0.72 --- -0.95 

Sh3tc1 0.92 --- 0.77 

Shank2 --- --- -0.93 

Shcbp1 --- --- -0.8 
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Shmt1 -0.89 --- -0.94 

Siglecg --- --- -0.98 

Sim2 --- --- 0.74 

Six4 1.4 1.3 1.29 

Six5 --- --- -1.03 

Ska1 --- --- -0.84 

Ska3 --- --- -0.84 

Skp2 --- --- -0.83 

Slbp --- --- -0.8 

Slc12a2 --- --- -0.78 

Slc16a10 --- --- 1.58 

Slc16a13 1.05 --- 0.82 

Slc16a6 1.11 --- 1.17 

Slc19a2 --- --- 0.77 

Slc1a4 3.01 2 3.54 

Slc20a1 --- --- 1.09 

Slc22a23 1.51 1.27 1.74 

Slc22a4 1.91 1.51 2.07 

Slc25a1 0.77 --- 0.96 

Slc25a12 --- --- -0.66 

Slc25a15 --- --- -0.99 

Slc25a27 --- --- 1.04 

Slc25a33 0.93 --- 1.25 

Slc25a45 --- --- 1 

Slc25a48 -1.01 --- -1.63 

Slc27a6 -1.31 --- -1.13 

Slc29a2 -1.45 --- -1.24 

Slc2a1 0.97 0.77 1.72 

Slc2a2 --- --- -1.47 

Slc30a1 --- --- -1.05 

Slc35b2 -0.97 --- -1.15 

Slc35d1 --- --- 0.95 

Slc35e2 --- --- 0.81 

Slc35e4 --- --- 0.96 

Slc35g1 --- --- -0.71 

Slc36a4 --- --- -0.77 

Slc38a2 --- --- 0.97 

Sprr1a -1.57 --- --- 

Spry1 --- --- -0.78 

Spry2 -0.85 --- -0.95 

Spry4 --- --- 0.95 

Spsb4 -1.12 --- -1.82 

Sqle 1.63 --- 1.61 

Sqrdl 2.25 1.72 2.06 

Sqstm1 2.77 1.85 3.27 

Srd5a1 -0.89 --- -0.99 

Srebf2 --- --- 0.78 

Srf -1.01 --- -1.17 

Srgap3 -1.87 -1.39 -1.77 

Srm -0.86 --- -0.87 

Srr --- --- 1.2 

Srrm4 --- --- 0.86 

Srsf10 --- --- -0.73 

Srxn1 4.29 3.51 4.9 

Ss18l1 --- --- 0.83 

Ssbp2 -0.92 --- -0.77 

St13 --- --- 0.89 

Stambpl1 -1.09 --- -0.73 

Stard13 -0.82 --- -1.2 

Stard4 1.19 --- 0.91 

Stard9 --- --- 0.98 

Stat1 --- --- -0.94 

Stat2 0.86 --- 0.79 

Stip1 --- --- 1 

Stk10 0.75 --- 1.26 

Stk40 --- --- 0.68 

Stx3 --- --- 0.78 

Stxbp1 --- --- 1.04 

Stxbp6 --- --- -0.86 

Styk1 0.86 --- 0.85 

Suv39h2 --- --- -0.75 

Swap70 --- --- 0.67 

Swt1 --- --- 0.99 

Syvn1 --- --- 0.73 

Tacc2 1.23 0.72 1.39 

Tada1 --- --- -0.75 

Tada2a -0.72 --- -0.72 

Taf7 1.46 1.23 2.04 

Taldo1 0.91 --- 0.87 

Tapbpl 0.85 --- 0.78 

Tbc1d1 -0.77 --- --- 

Tbc1d9 --- --- 0.97 

Tbce --- --- 0.67 

Tbcel 1.05 0.81 1.15 

Tbl2 --- --- -1.04 

Tcf19 -1.23 --- -1.44 

Tcp11l2 1 --- 1.26 

Tdrp 1.14 --- 1.06 

Tef 0.86 --- --- 

Tex9 -1.04 --- -0.92 
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Tfap2a 1.03 --- 1.58 

Tfe3 --- --- 1.21 

Tfrc -1.9 -1.12 -1.62 

Tgif2 --- --- -1.17 

Tgoln1 --- --- 0.69 

Thbs1 -2.6 -1.32 -3.45 

Them4 --- --- 1.04 

Thnsl1 --- --- -0.78 

Thrb 1.79 1.67 2.08 

Tiam2 -0.74 --- -0.69 

Ticam1 --- --- 1 

Ticrr --- --- -0.98 

Tigit -0.9 --- --- 

Timeless -0.79 --- -1.03 

Tipin -1.02 --- -1.31 

Tk1 -1.21 --- -1.93 

Tkt 0.71 --- 0.91 

Tlk2 --- --- 0.76 

Tm4sf4 --- --- -1.4 

Tmco4 --- --- 1.04 

Tmem117 2.23 1.53 2.38 

Tmem171 -1.6 --- -1.1 

Tmem18 --- --- -0.92 

Tmem194b --- --- -1.03 

Tmem2 --- --- -0.73 

Tmem216 --- --- -0.76 

Tmem37 1.19 1.34 1.25 

Tmem38a --- --- 0.93 

Tmem41b 0.85 --- 1.19 

Tmem55a 0.87 --- 0.91 

Tmem57 --- --- 0.76 

Tmem63b --- --- 0.71 

Tmie 1.62 1.23 1.19 

Tmpo --- --- -0.87 

Tmppe 0.75 --- 0.69 

Tnc -0.99 -0.78 --- 

Tnfaip2 -0.83 --- --- 

Tnfaip3 -2.24 -1.44 -2.86 

Tnfrsf1a --- --- 0.84 

Tnfsf9 --- --- 1.15 

Tnnc1 1.41 --- 1.85 

Tns1 --- --- -1.11 

Tob1 --- --- 1.12 

Tob2 0.67 --- 0.97 

Tollip --- --- 0.85 

Tom1 --- --- 1.16 

Tom1l1 --- --- 0.75 

Top2a -0.69 --- -0.99 

Tor1aip2 --- --- 0.75 

Tor4a --- --- -0.68 

Tox --- --- 0.85 

Tpx2 --- --- -0.68 

Trdmt1 --- --- -0.79 

Trib1 -0.86 --- -0.79 

Trib3 2.39 --- 3.31 

Trim16 --- 0.88 1.35 

Trim17 0.97 --- 0.86 

Trim36 --- --- 1.4 

Trim46 --- --- 1.12 

Trim59 --- --- -0.76 

Trim6 0.92 --- 1.08 

Trio --- --- 0.88 

Trip10 --- --- 0.92 

Trmt1l --- --- 0.85 

Trmt2a --- --- -0.78 

Trnt1 --- --- -0.67 

Trp53bp2 --- --- 0.7 

Trp53inp1 1.51 --- 2.05 

Trp53inp2 --- --- 0.91 

Tsc22d1 --- --- -0.78 

Tsc22d2 --- --- 0.94 

Tsc22d3 0.97 --- 1.16 

Tsfm --- --- -0.91 

Tshz1 1.12 1.12 1.48 

Tsku 1.61 1.83 1.6 

Tspan8 --- --- -1.01 

Tspyl2 0.99 --- 1.38 

Ttc26 --- --- -0.79 

Ttc30b --- --- -0.79 

Ttc7 -0.82 --- -0.74 

Ttk --- --- -0.71 

Tuba1a --- --- 1.22 

Tuba4a 0.81 0.92 1.19 

Tubb2a 1.64 1.09 2.01 

Tubb2b --- --- 0.78 

Tubb6 -0.87 --- -0.78 

Txnrd1 1.9 1.71 2 

Ubap1 0.87 --- 1.36 

Ubash3b -1.14 --- -1.02 

Ubb 1.21 1.1 2.2 
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Ubc 1.72 1.34 3.52 

Ube2h --- --- 0.75 

Ube2j1 --- --- 0.69 

Ube2o 1.02 --- 1.22 

Ube4b --- --- 0.79 

Ubl3 0.8 0.78 0.8 

Ubqln1 --- --- 0.81 

Ubr4 --- --- 0.87 

Ubr7 --- --- -1.13 

Ubtd1 --- --- 0.96 

Ubxn4 1.17 0.95 1.39 

Ubxn8 --- --- 0.65 

Ugdh 1.48 1.17 1.52 

Ugt1a1 1.16 0.87 0.94 

Ugt1a10 1.1 0.88 0.97 

Ugt1a2 1.16 0.87 0.94 

Ugt1a5 1.16 0.87 0.95 

Ugt1a6a 1.1 0.85 0.93 

Ugt1a6b 1.09 0.87 0.96 

Ugt1a7c 1.1 0.88 0.97 

Ugt1a8 1.1 0.88 0.97 

Ugt1a9 1.1 0.88 0.97 

Ugt2b34 4.29 3.39 4.22 

Uhrf1 -1.04 --- -1.17 

Ulk1 0.73 --- 0.95 

Ung -3.05 -0.9 -3.56 

Usp1 --- --- -0.82 

Usp14 --- --- 0.67 

Usp20 0.91 --- --- 

Usp22 --- --- 0.96 

Usp35 1.27 --- 1.24 

Usp43 -1.03 --- -0.89 

Uspl1 --- --- 0.69 

Uts2b --- --- -1.56 

Vamp1 1.04 --- 1.04 

Vash2 --- --- 0.88 

Vasn 1.03 0.77 1.36 

Vcam1 -1.86 -1.42 -1.96 

Vegfa 2.39 1.74 3.57 

Vegfc -0.99 -0.96 -0.82 

Vgll3 -0.96 --- -1.14 

Vil1 -1.09 --- -1.31 

Vipas39 --- --- 0.78 

Vldlr 1.07 --- 1.16 

Vnn1 1.03 --- --- 

Vps18 1.08 --- 1.08 

Vps37b 0.85 --- 1.63 

Vstm5 -1.17 --- -0.92 

Wbp2 --- --- 0.7 

Wbscr27 1.4 --- 0.96 

Wdhd1 -0.84 --- -1.13 

Wdr35 --- --- -0.78 

Wdr5b --- --- -1.27 

Wdr6 -0.77 --- -1.5 

Wdr76 -0.8 --- -1.14 

Wdr77 --- --- -0.7 

Wdr81 1.15 --- 0.99 

Wee1 --- --- -0.92 

Whamm 0.97 --- 1.12 

Wipi2 --- --- 0.66 

Wnt10a -0.95 --- -1.22 

Wnt4 1.5 1.15 1.33 

Wnt7b -1.42 -0.75 -1.41 

Wrb --- --- -0.99 

Xkr9 2.05 1.3 2.05 

Xpo1 --- --- 0.72 

Xpot --- --- 0.65 

Xrcc2 --- --- -1.06 

Xrcc6 --- --- -0.69 

Xrcc6bp1 --- --- -0.92 

Xxylt1 --- --- -0.86 

Ypel2 --- --- 1.1 

Ypel5 2.39 1.44 2.61 

Ywhag 0.94 --- 1.27 

Zadh2 0.82 0.69 0.7 

Zbtb10 --- --- 1.14 

Zbtb12 --- --- -0.96 

Zbtb2 --- --- 1.09 

Zbtb21 --- --- 1.01 

Zbtb37 --- --- -0.94 

Zbtb45 --- --- -0.73 

Zbtb7b --- --- 0.9 

Zc2hc1c 1.16 --- 0.92 

Zdhhc18 1.52 1.28 1.65 

Zeb2 --- --- 0.98 

Zfand2a 1.9 1.22 3.27 

Zfand5 1.43 0.89 1.68 

Zfp142 --- --- 1.21 

Zfp185 --- --- 1.14 

Zfp324 --- --- -1.46 
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Zfp36 --- --- 1.91 

Zfp365 1.19 --- 1.23 

Zfp367 -0.88 --- -1.06 

Zfp385a --- --- 0.74 

Zfp39 --- --- -1.02 

Zfp395 --- --- -0.86 

Zfp41 --- --- -0.82 

Zfp418 --- --- 0.99 

Zfp516 --- --- 0.91 

Zfp617 --- --- 0.72 

Zfp651 --- --- -0.89 

Zfp703 --- --- 0.79 

Zfp867 --- --- -0.93 

Zfp874a 1 --- 0.83 

Zfp874b 1.04 --- 1.36 

Zfp945 --- --- 0.96 

Zfp958 --- --- -0.88 

Zfp961 --- --- -0.76 

Zfpm1 --- --- 1.12 

Zfpm2 -1.2 --- --- 

Zfyve1 0.84 --- 1.06 

Zgrf1 --- --- -1.07 

Zhx3 -0.93 --- -1.09 

Zik1 --- --- -1.24 

Zmynd19 --- --- -0.74 

Zrsr1 2.11 1.61 2.54 

Zswim4 --- --- 1.01 

Zswim6 --- --- 1.12 

Zwint 0.94 0.82 1.15 

Zyx -1.14 --- --- 
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Supplemental Table 4. Forward and reserve primer sequences for cDNA and 
genomic DNA amplification.  
 

Gene Species 
Primer 

orientation 
Sequence 

Hmox1 
Mus 

musculus 

Forward ACAGCCCCACCAAGTTCAAA 

Reserve TCTGCAGGGGCAGTATCTTG 

Gclm 
Mus 

musculus 
Forward TGGAGCAGCTGTATCAGTGG 

Reserve AGAGCAGTTCTTTCGGGTCA 

Pgd 
Mus 

musculus 
Forward CTCCTCGACTCTGCTTCGTC 

Reserve CGGCATCTTCTTGTCGTGTC 

Acly 
Mus 

musculus 

Forward TGATGGGAGAAGTTGGGAAG 

Reserve ATCAGCTCGGGACTCAGAAA 

Hmgcoas 
Mus 

musculus 
Forward ACAAGCCTGACATGCTCTCC 

Reserve TTCAGGAACATCCGAGCTAGA 

Hmgcoar 
Mus 

musculus 
Forward TCTTGTGGAATGCTCTGTGA 

Reserve AAGCTCTAGGACCAGCGACA 

Adamtsl2 
Mus 

musculus 
Forward ATGTGAGCCCATTGGCTGTG 

Reserve TCGGTACTTGACCACTGTGC 

Timp2 
Mus 

musculus 
Forward ATGGCAACCCCATCAAGAGG 

Reserve TGGGACAGCGAGTGATCTTG 

Timp1 
Mus 

musculus 

Forward TCGGACCTGGTCATAAGGC 

Reserve GTACGCCAGGGAACCAAGAA 

Mmp2 
Mus 

musculus 
Forward GTGTTCTTCGCAGGGAATGAG 

Reserve GATGCTTCCAAACTTCACGCT 

Itga8 
Mus 

musculus 
Forward ACACGTTCCTCAAGAGAAAGAA 

Reserve GGAGTGGCCCAAATAACCGA 

Col15a1 
Mus 

musculus 
Forward CTGTCCACTTTCCGAGCCTTT 

Reserve AAAGCACTTGGCCCTTGAGA 

Col8a1 
Mus 

musculus 
Forward GGCAAAGAGTACCCACACCTACC 

Reserve GACCTTGTTCTCCGCGCAAACTG 

Col4a2 
Mus 

musculus 
Forward TCGTTCAGCCAGGTTGCATT 

Reserve AAAGCCCTTGAGCCCTTGTT 

Col5a2 
Mus 

musculus 
Forward TGGGGACTGATGGTACACCT  

Reserve GGATCACCCGATTGTCCTCG  

Adam8 
Mus 

musculus 
Forward TGAACAAGCAGCGTCTACGA 

Reserve CTGGGAGTGGTGAACTGGAC 

Fgfr1 
Mus 

musculus 
Forward TCCCTGTGGAAGTGGAGTCT 

Reserve GCTACAGGCCTACGGTTTGG 

Tgfbr1 
Mus 

musculus 
Forward GGCGAAGGCATTACAGTGTT 

Reserve TGGTGAATGACAGTGCGGTT 

Itga9 
Mus 

musculus 
Forward GCTCTCGCTGTAGCCCATC 

Reserve ACCCACGAGGACCCAGC 

Col6a1 
Mus 

musculus 
Forward AGGGCTACAAGGAACCATGC 

Reserve TTTCCTCGCTCCCCCTCATA 
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Tgfbr2 
Mus 

musculus 
Forward CCAAGTCGGATGTGGAAATGG 

Reserve TGTCGCAAGTGGACAGTCTC 

Col14a1 
Mus 

musculus 

Forward TGAAGCACCCACAGCCATAG 

Reserve TCCAGGCACCATAACCACTTC 

Itga1 
Mus 

musculus 
Forward TCAGTGGAGAGCAGATCGGA 

Reserve CCCACAGGGCTCATTCTTGT 

Adam9 
Mus 

musculus 
Forward GGGCCGACGTATAATGCAAAG 

Reserve CAGGTGGCGGTCTGGAG 

CypA 
Mus 

musculus 
Forward CGATGACGAGCCCTTGG 

Reserve TCTGCTGTCTTTGGAACTTTGTC 

B2m 
Mus 

musculus 

Forward ATTCACCCCCACTGAGACTG 

Reserve TGCTATTTCTTTCTGCGTGC 

Hmox1 
Homo 

sapiens 
Forward AAGACTGCGTTCCTGCTCAAC 

Reserve AAAGCCCTACAGCAACTGTCG 

Gclm 
Homo 

sapiens 
Forward GCGAGGAGCTTCATGATTGT 

Reserve TGTGCAACTCCAAGGACTGA 

Hprt 
Homo 

sapiens 

Forward AGGCGAACCTCTCGGCTTTC 

Reserve CAAGACGTTCAGTCCTGTCCATA 

scFv-E06 N/A 
Forward GTACTGCTGCTCTGGGTTCC 

Reserve CACTGGCCGTGCAACTAATG 
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