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Abstract

Effective lipid lowering therapies are essential for the prevention of atherosclerosis and 

cardiovascular disease. Available treatments have evolved in both their efficacy and their 

frequency of administration, and currently include monoclonal antibodies, ASO and siRNA 

approaches. However, an unmet need remains for more effective and long-lasting therapeutics. 

Gene editing permanently alters endogenous gene expression and has the potential to revolutionize 

disease treatment. Despite the existence of several gene editing approaches, the CRISPR/Cas9 

system has emerged as the preferred technology because of its high efficiency and relative 

simplicity.

This review provides a general overview of this promising technology and an update on the 

progress made towards the development of treatments of dyslipidemia. The recently started 

phase 1b gene editing clinical trial targeting PCSK9 in patients with heterozygous familial 

hypercholesterolemia and cardiovascular disease highlights how gene editing may become 

available to treat not only patients affected by rare disorders of lipid metabolism, but also patients 

with that are difficult-to-treat or at high risk. Other targets like ANGPTL3, LDLR, and APOC3 are 

on track for further pre-clinical development. The identification of novel targets using electronic 

health record-linked biobanks and human sequencing studies will continue to expand the potential 

target pool, and clinical assessment of treated patients will provide essential efficacy and safety 

information on current strategies. Gene editing of genes regulating lipid metabolism holds promise 

as an exciting new therapeutic approach. However, since gene editing permanently alters a 

patient’s genome, its therapeutic application in humans will require careful safety assessment 

and ethical considerations.
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Introduction

Elevated plasma lipids contribute to the development of atherosclerosis and cardiovascular 

disease, the leading cause of death worldwide1,2. In most cases, elevated lipid levels can 

be addressed with lifestyle modification and treatment with statins. Additional treatments 

like ezetimibe, bempedoic acid and more recently, biologics targeting proprotein convertase 

subtilisin/kexin type 9 (PCSK9), further compliment these standards of care3. Over a 

lifetime, high risk patients are often required to combine several treatments for maximum 

effect. However, long-term multi-drug adherence is difficult to maintain. Only roughly 

half of hyperlipidemia patients achieve adherence, with one third to half of patients 

altogether discontinuing statin medication within the first year of treatment4. This decline 

in adherence impacts the rate of cardiovascular events and is also associated with increased 

medical costs4. Furthermore, despite the remarkable progress made in treatments, patients 

with monogenic conditions such as familial hypercholesterolemia5 may require additional 

therapies to reach target lipid levels and represent a still unmet need.

The liver plays a central role in regulating lipid and lipoprotein levels. In animal models, 

liver-specific overexpression, knockdown, and knockout of key genes have been associated 

with marked changes in circulating lipid and lipoprotein levels. Moreover, liver transplant 

has shown to improve low-density lipoprotein cholesterol (LDL-C) levels and xanthomas 

in patients with homozygous familial hypercholesterolemia (reviewed by Ighigaki et al.6). 

These studies provide rationale for the development of long-term, liver-directed therapies. 

Liver-directed gene transfer and gene editing strategies have been extensively used in murine 

and non-human primate models to alter existing expression of lipid-related genes. These 

approaches are also becoming a reality in humans. Several trials in patients with hemophilia 

A and B7, ornithine transcarbamylase deficiency (NCT02991144, NCT05345171), familial 

hypercholesterolemia (NCT02651675) and Wilson’s disease (NCT04537377) are ongoing 

or have been completed. Results from the first liver-directed gene editing clinical trial 

in patients with transthyretin amyloidosis were recently published8. These advances are 
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rapidly expanding the therapies offered to patients with rare, difficulty-to-treat monogenic 

dyslipidemias like homozygous familial hypercholesterolemia. Perhaps, in a not-so-distant 

future, they may also be applied to high-risk atherosclerotic cardiovascular disease patients 

where the goal will shift towards disease prevention. However, many safety and efficacy 

considerations will need to be assessed before these cutting-edge therapeutic approaches can 

be translated to the clinical setting.

2 Gene transfer vs. gene editing

In vivo gene transfer strategies deliver copies of a functional gene to the cell, typically 

via viral vectors, to supplement endogenous gene expression (Table 1). This approach has 

been used for a multitude of diseases and tested in clinical trials for more than a decade. 

Recombinant Adeno-Associated Virus (AAV), which has no replication capacity and a weak 

ability to integrate into patient DNA9 has emerged as the preferred vector for clinical trials. 

Indeed, the FDA approved its first AAV-mediated gene transfer therapy for the treatment 

of a form of inherited retinal dystrophy in 201710. The EMA followed a year later11, and 

both agencies have since also approved a treatment for spinal muscular atrophy in pediatric 

patients12,13. AAV-based vectors continue to be used in ongoing clinical trials to treat several 

other conditions, such as hemophilia14. However, AAV mediated immunogenicity remains 

an obstacle.

In contrast, somatic gene editing seeks to directly restore or disrupt endogenous genes at 

the DNA level (Table 1). This approach combines a delivered editing system with the cell’s 

own DNA repair mechanisms. The DNA changes then persist through the RNA and protein 

products. This potential versatility and permanence make somatic gene editing an attractive 

therapeutic modality. Gene editing has been used with success in several preclinical settings 

and continues to improve in its efficacy and safety while evolving to mitigate potential 

limitations (e.g., off-target effects) 15.

Notably, both therapeutic strategies cannot be withdrawn. Once delivered, the genetic 

material introduced by gene transfer cannot be recalled, and the edits introduced by gene 

editing are permanent. While this longevity can be advantageous for both approaches, it 

necessitates comprehensive and rigorous safety assessments for use in humans. Several 

expected risks are shared by the two approaches (Table 1). Among them are the possible 

toxicities associated with the delivery system (e.g. immune response to viral vectors or 

viral integration in the genome) and the risk for the development of autoantibodies against 

the newly recognized protein in patients carrying “null” variants. These events may limit 

or erase therapeutic efficacy in patients. Other risks are inherent to the specific approach. 

With AAV-mediated gene transfer, the genetic information remains in the nucleus as an 

episome, which may dilute with time in tissues that regenerate16 and potentially affect 

long term efficacy. Transgene dilution may not be a concern with gene editing since this 

approach edits endogenous DNA. However, with gene editing, off-target editing could 

lead to undesired, permanent effects. Finally, it is important that both approaches remain 

restricted to somatic cells without the possibility of affecting germline cells, where they 

would risk passing changes to future generations. Furthermore, as gene editing therapies 
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become more prevalent, the distinction between disease treatment and human enhancement 

may become blurred, and access to these therapies entwined with socioeconomic standings.

Nevertheless, these therapeutic approaches have the potential to revolutionize how patients 

can be treated. This review will focus on the progress made in the use of powerful gene 

editing tools for the treatment of dyslipidemias.

3. Gene editing tools

3.1 CRISPR/Cas

Classic gene editing systems specifically bind target genomic sequences and introduce 

DNA double-strand breaks using one of four major endonucleases: zinc finger nuclease 

(ZFN), transcription activator-like effector nuclease (TALEN), meganuclease, or clustered 

regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) 

proteins. CRISPR/Cas systems have come to dominate the gene editing field for their 

ease of use and appreciable editing efficiency17. These systems use guide RNAs to confer 

target specificity and Cas proteins (from bacteria like Streptococcus pyogenes - SpCas9) to 

produce DNA double-strand breaks.

Gene editing using the CRISPR-Cas system introduces DNA double-strand breaks which 

are repaired via non-homologous end joining (NHEJ) or homology-directed repair (HDR) 

(Figure 1). NHEJ is the primary DNA double-strand break repair mechanism and is always 

active in all cells. This error-prone pathway can introduce insertions or deletions (indels) 

which disrupt the target gene and prematurely truncate the downstream protein. Gene 

disruption via NHEJ is highly efficient but also highly variable, as every treated cell acquires 

different indels. Typically, only a couple base pairs are inserted or deleted, but deletion of 

thousands of base pairs, chromosome translocations, and even chromosomal shattering, are 

possible18,19. This approach can be leveraged to generate useful hypomorph models, where 

single-cell derived colonies or embryos can be sorted for control (un-edited), heterozygous, 

or homozygous indel formations20.

CRISPR/Cas gene disruption has been used to generate novel cell and animal models for 

lipid and atherosclerosis focused research. Jarrett et al. sought to model atherosclerosis 

by using AAV-CRISPR/Cas9 to disrupt hepatic low density lipoprotein receptor (Ldlr) 
in adult mice21. These mice demonstrated severe hypercholesterolemia and developed 

atherosclerotic lesions in their aortas, making gene disruption a valuable alternative to 

germline Ldlr knockout. Furthermore, CRISPR/Cas gene disruption has also been used in 

unbiased screen approaches. Emmer et al. performed a genome wide CRISPR screen in 

Huh7 cells and identified over 100 positive and 50 negative regulators of cellular LDL 

update, highlighting the efficiency of this technique for biological discovery22.

HDR is rarer and limited to dividing cells in S and G2 phases of the cell cycle. This 

more precise pathway repairs DNA double-strand breaks using a DNA template, which 

allows for the correction of a genetic mutation but also reduces efficiency. Zhao et al. used 

CRISPR/SpCas9 HDR to knock in a premature truncation mutation in the Ldlr gene of 

fertilized murine eggs23. After high fat diet, mice exhibited higher plasma total cholesterol, 
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total triglycerides (TG), and LDL-C along with atherosclerotic lesions in their aortas, 

mimicking the clinical features of familial hypercholesterolemia. However, since HDR is 

largely limited to proliferating cells, its utility in tissues central to dyslipidemias (i.e., 

hepatocytes, adipocytes, cardiomyocytes) is unclear. To this end, researchers have treated 

neonatal mice to maximize therapeutic HDR, though still achieved less than 10% editing23. 

Moreover, the requisite DNA repair template can complicate delivery, especially in viral 

vectors with limited cargo capacity.

Although CRISPR/Cas guide RNAs are designed to target specific genomic sequences, gene 

editing machinery can interact with sites that are imperfect matches, potentially introducing 

off-target indels in tumor suppressor genes or oncogenes. Additionally, in gene editing 

approaches that employ DNA double-strand breaks, aberrant insertion of viral or Cas 

DNA has been observed21,24. Thus, the unpredictability of indels and the possibility of 

chromosomal abnormalities and oncogenesis represent serious limitations to their clinical 

use.

Advances in gene editing systems have refined these tools from unpredictable biological 

scissors to more precise tweezers. Newer techniques retain the hallmark ability to identify 

and bind specific target sequences but expand their second functionality. Cas9 nickases 

(modified nucleases that only cut the target DNA strand) can be used in pairs to create 

precise DNA double strand breaks with increased precision and decreased off-target 

effects25,26. Nickases can also be paired with base editors or reverse transcriptases (see next 

sections). Shorter guide RNAs and other engineered, high-specificity Cas nucleases have 

also been shown to improve specificity27,28. Finally, catalytically inactive Cas9 proteins 

have been used in applications including epigenome editing29,30.

3.2 Base editing

Nickases or inactive Cas proteins can be fused with single-stranded DNA deaminases 

to produce cytosine or adenosine base editors31,32. While base editing is restricted to 

transition mutations and limited by sequence requirements for the target site (Cas9 PAM 

sequence preferences)33, these editors are gaining traction because they modify single 

nucleotides without generating DNA double-strand breaks. This key characteristic decreases 

the potential for serious off-target mutations34. Base editors can precisely introduce 

nonsense mutations that prematurely truncate a protein or missense mutations that disrupt 

protein function. These editors could also “fix” pathogenic variants by reversing the original 

mutation or exploiting genetic code wobble to modify a codon of interest (see Chadwick and 

Musunuru35).

3.3 Prime editing

In prime editing, Cas9 nickase is fused to an engineered reverse transcriptase enzyme which 

uses an RNA template to introduce new DNA36. This single system works without DNA 

double-strand breaks or donor DNA template and can precisely introduce any point mutation 

or indels within a larger editing window36. In vitro, prime editing has been applied to correct 

several genetic causes of disease (each with their own requirements to treat the causal gene) 

in human cell lines36. Although this technology has not yet been extensively tested in in 
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vivo models, it can theoretically be used to correct a large variety of mutations, including 

deletions, duplications, and inversions, thus providing the possibility of repairing most 

disease-causing variants. Furthermore, the prime editing guide (peg)RNA can be created to 

target a hot spot region of a given gene and be used to correct several variants located in 

close proximity. The potential to “fix” pathogenic mutations beyond single base editing, 

and with better efficiency than HDR, greatly expands the available sequence targets and 

therapeutic approaches (reviewed by Scholefield and Harrison37).

3.4 Epigenome editing

Dead Cas9 can deliver DNA methyltransferases or acetyltransferases to enable epigenome 

editing and modify gene expression29,30. This approach entirely bypasses the need to 

modify DNA sequences. Instead, epigenetic editing modifies how DNA or histone proteins 

are presented to interacting proteins and may elicit more subtle changes when compared 

to complete gene (de)activation approaches. The resulting epigenetic modifications target 

repression may wane (within months) with expression of the editor itself and may require 

multiple administrations for sustained effect38. Our limited understanding of how epigenetic 

modifications may affect disease manifestations restricts the current use of epigenetic editing 

only to basic science. However, since this approach does not modify DNA sequence and 

its effect can be transient, epigenome editing may have an advantage for the treatment of 

certain conditions like cancer.

Keypoints Box 1: How to create desired gene edits

• Gene disruption:

– Classic DNA double-strand break with NHEJ indel formation

– Base editing or prime editing to introduce premature stop codon

• Gene restoration:

– Homology-directed repair

– Base editing or prime editing to repair a pathogenic base mutation

– Prime editing to repair pathogenic gene segment

• Gene expression modification

– Epigenetic editing to up- or down-regulate gene activity

4. Delivery methods

Significant advances have been made in the development of delivery methods that are tissue 

and cell-specific and can be used safely and effectively in humans.

Innate and adaptive cellular immune responses to either Cas nucleases or the viral vectors 

have been observed both in animal models39,40 and in humans41,42. The implications of 

these findings, and whether they decrease overall efficacy or impact safety in humans, 

are unclear. In a murine model, pre-existing immunity against Cas9 was associated with 

increased T-cell responses and loss of gene-edited hepatocytes43. Thus, it is important 
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to adopt delivery strategies that maximize delivery efficiency while limiting an immune 

response.

CRISPR/Cas systems can be delivered as DNA, mRNA, or protein. Delivery of gene 

editing components as DNA results in prolonged expression which can improve efficacy. 

However, extended, or overabundant expression of Cas proteins has been associated with 

increased off-target editing44,45. Furthermore, prolonged nuclease presence may facilitate an 

immune response, though engineered CRISPR-Cas9 systems may offer a valuable approach 

to limiting these types of responses42. CRISPR/Cas delivery as mRNA mitigates the risk of 

vector integration and limits nuclease expression, aspects which contributed to the success 

of two recent non-human primate studies employing this approach46,47. Delivery of Cas 

proteins is also transitory and may limit the risk of off-target editing.

Gene editing cargos can be delivered using physical methods, viral vectors, and non-

viral nanoparticles (reviewed by Taha et al.48). Physical delivery (i.e., microinjection, 

electroporation or gene gun) is most suited for in vitro (e.g., induced pluripotent stem cell, 

iPSC49) and ex vivo (e.g., primary cell50) gene editing applications. Viral vectors, AAVs 

in particular, are popular due to their simplicity, use in ongoing gene transfer trials, and 

success with FDA-approved gene transfer therapies. Several AAV serotypes readily infect 

the liver, an organ of interest for the treatment of dyslipidemias51. However, AAV-based 

vectors have some limitations. Among them are the virus’ limited cargo capacity (~4.7kb 

total, where SpCas9 alone is ~4kb)9 and, relevant for their use in humans, humoral and 

cellular immune responses52. The formation of neutralizing antibodies against the AAV 

capsid limit re-administration and T-cell mediated cytotoxicity in liver targeted-therapies 

results in transient elevations in transaminases, which do respond to steroid treatment. Since 

gene editing introduces permanent changes in the DNA after a single administration, it 

may circumvent the need for multiple AAV deliveries. Also, smaller Cas orthologs that 

fit AAV’s size constraints have been developed and edit with similar efficiencies53. AAVs 

remain a mainstay delivery vehicle for proof-of-concept animal experiments even if safety 

and efficacy profiles are still being assessed in humans.

Non-viral nanoparticles are gaining traction for their biodegradable nature, safety 

profiles, and generous capacities to deliver Cas9 DNA, mRNA, and proteins46,47,54,55. 

These nanoparticles are endocytosed and release their cargo intracellularly. LNPs 

can be engineered to increase immunocompatibility and for predictable and specific 

delivery of cargo to target tissues after intravenous administration56. Addition of the 

N-acetylgalactosamine (GalNAc) targeting ligand may increase delivery to hepatocytes 

and circumvents the default uptake of LNPs by the LDLR57. This advancement may 

improve LNP delivery in patients with homozygous familial hypercholesterolemia, and was 

recently tested in wild type and LDLR knockout non-human primates58. LNPs have been 

investigated in the clinic as delivery vehicles for the treatment of cancer, viral infections, and 

genetic diseases. Moreover, their use in several mRNA-based COVID-19 vaccine strategies 

has demonstrated ease of re-administration and favorable safety profiles59,60. For these 

reasons, LNPs are rapidly gaining traction as the most well-rounded delivery vehicle.
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Keyponts Box 2: How to deliver gene editing machinery

• Physical delivery (electroporation or gene gun)

– Restricted applications in vitro and ex vivo.

• Adeno-Associated Viruses

– Readily infect the target organ (e.g. liver)

– Limited cargo capacity

– Associated with immunogenicity reactions

– Re-dosing limited by formation of neutralizing antibodies.

• Lipid nanoparticles

– Large cargo capacities

– More favorable immunogenicity profile when compared to viral vectors

– Re-dosing possible

– Transient delivery

– Limited biodistribution

♦ Addition of targeting ligands to increase delivery to target 

organ (e.g. GalNAc for hepatocyte delivery).

5. Gene editing for the treatment of dyslipidemia

Gene editing tools can be used to target a gene for precise repair or disruption (e.g. exon 

skipping or introduction of nonsense or splice-site mutations), and dyslipidemias are at 

the forefront in the development of therapies using these approaches. While gene repair 

applications are limited to the treatment of monogenic diseases, the potential applications of 

gene disruption are broader, including common forms of dyslipidemia. Several preclinical 

studies targeting genes affecting LDL-C, a well-established and modifiable causal risk 

factor61 and/or triglycerides, another independent predictor of cardiovascular disease risk62, 

have shown promising results. Beyond these targets, human sequencing studies and 

electronic-health record linked biobanks have an essential role in identifying novel targets 

with relevant phenotypic outcomes in patients. These computational approaches also provide 

some indication of safety and tolerability of the desired mutation since they are derived from 

real people. In the future, dyslipidemia targets may also be combined to form personalized 

gene editing cocktails.

6. Editing the causal gene

6.1 Targeting LDLR

Pathogenic variants in the gene encoding for the LDLR are the major cause of familial 

hypercholesterolemia, and its rare form, homozygous familial hypercholesterolemia. Despite 

the remarkable progress of the last decade, treatment options are still suboptimal for many 

of these patients. Gene editing approaches could offer a long-lasting solution if a safe and 
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effective treatment is developed. In a proof-of-concept study, familial hypercholesterolemia 

skin fibroblasts were obtained from a patient homozygous for a three base pair deletion 

in LDLR (Table 2). Fibroblast-derived iPSCs were treated with CRISPR/SpCas9 nickase 

and a repair template63. 83% of enriched clones (double positive for nuclease and 

guides) demonstrated correction of both alleles and were differentiated into hepatocyte-like 

cells. Corrected cells expressed LDLR protein and internalized LDL. Edited iPSCs are 

advantageous in that they can be screened (enriched for on-target editing and reduced 

off-target activity), selectively expanded, and differentiated for use in autologous cell 

replacement. Additionally, they bypass immunogenicity concerns for the delivery and 

expression of the nuclease. Assessments of the uptake, durability, and efficacy of these 

hepatocyte-like cells in vivo will be critical for moving this approach forward.

Zhao et al. used CRISPR/SpCas9 to generate a novel atherosclerosis mouse model 

expressing a premature truncation mutation in Ldlr23. This mutant abrogated LDLR protein 

expression in the liver and led to atherosclerosis upon high fat diet feeding. To treat the 

disease, neonatal mice were given dual AAVs delivering SpCas nuclease in one construct 

and guide RNA with donor DNA in the other. As expected, HDR-mediated correction of 

the mutation was low, around 6.7%, but managed to restore LDLR protein to 18% of 

wild type mice. Mice with partially restored LDLR protein demonstrated ~65% reduced 

total cholesterol and were protected from atherosclerotic plaque formation. Although not 

sufficient to normalize the hypercholesterolemia, partial restoration of LDLR activity in 

patients would likely result in an increase response to lipid lowering treatments. Despite 

modest editing, the lack of observed off-target mutagenesis supports further development of 

this approach. However, as mentioned above, high precision HDR-mediated repair occurs in 

dividing cells in S and G2 phases of the cell cycle, with limited applicability in post-mitotic 

cells. Gene editing during embryogenesis, although potentially effective, would raise both 

ethical and safety concerns that need to be fully addressed.

Jarrett et al. used AAV to simultaneously deliver guide RNAs targeting both Ldlr 
and Apob in Cas9 transgenic mice64. This creative approach allowed for the study of 

therapeutic gene disruption of Apob, which is otherwise embryonic lethal65. Co-disruption 

of Apob decreased plasma cholesterol, inhibited hepatic LDL production, and ameliorated 

atherosclerotic disease seen with disruption of Ldlr alone. Ldlr editing reached 54% and 

was not significantly different between groups receiving single or dual guide RNAs. 

Apob editing reached a remarkable 74%. Despite the high editing efficiency however, 

this approach is unlikely to be applied in humans; inhibition of APOB is associated with 

increased liver fat and unknown long-term consequences66. Moreover, a somewhat high 

level of off-target activity was observed: above-background mutagenesis at one intronic 

site, indel formation in control “stuffer sequence” guide groups, and small insertions of 

vector sequence (also observed in other AAV DNA double-strand break approaches). This 

off-target activity may be attributed to the Cas9 transgenic murine model and may be limited 

with transient nuclease expression. In any case, the dual targeting approach allows for a 

better understanding of Apob biology and provides proof-of-principle data for concomitant 

targeting of two genes. These promising results support the multiplexing of other gene 

targets.
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Although these proof-of-principle studies are important, the over 2000 known pathogenic 

and likely pathogenic LDLR variants67 make designing and testing the safety and efficacy 

of personalized gene editing strategies (with current technical and regulatory hurdles) 

challenging. Although these considerations may be mitigated by further development of 

prime editing techniques, disrupting a different gene known to affect LDL-C levels (e.g. 

PCSK9 or Angiopoietin-like 3, ANGPTL3) may provide a viable alternative solution68–73.

6.2 Targeting other genes causing monogenic dyslipidemia

Although data are not yet available, other difficult to treat monogenic dyslipidemias 

with well-established genetic bases and unmet need could eventually be treated 

with base or prime editing. Like LDLR targeting strategies, patients with autosomal 

recessive hypercholesterolemia (LDLRAP1), sitosterolemia (ABCG8/G5), familial 

chylomicronemia syndrome (APOC2, APOA5, LMF1, LPL, GPIHBP1), LCAT deficiency, 

or abetalipoproteinemia (MTTP) would require gene restoration74. Given the range of causal 

mutations, founder and relatively more common variants within each of these genes, or 

gene hotspots with a high concentration of mutations, are likely to be prioritized. Further 

development of prime editing will expand the list of pathogenic variants eligible to be 

repaired.

The most successful pre-clinical dyslipidemia gene editing strategies aim to create a null 

allele (indel formation or introduction of premature stop codon). Thus, it is reasonable to 

hypothesize that base editing might be effective in treating extremely elevated Lp(a) levels. 

Lp(a) levels have been recognized as causally associated with atherosclerotic cardiovascular 

disease and aortic valve stenosis75. Its levels are mostly genetically determined by the 

carried LPA haplotype. Several clinical trials using either antisense oligonucleotide or 

siRNA approaches against the LPA gene are currently ongoing or recently completed76,77. If 

these trials and outcome studies are successful, they would provide a solid background for 

the development of a base editing approach.

7. Gene disruption to treat dyslipidemia

7.1 Targeting PCSK9

A plethora of human genetics studies support PCSK9 as a therapeutic target. Loss of 

function mutations in PCSK9 are associated with reduced LDL-C and risk of coronary 

heart disease and no apparent adverse health consequences68–70. These variant carriers 

conveniently model the consequences of therapeutic PCSK9 downregulation. To this 

end, treatments with monoclonal antibodies, small interfering RNAs, and antisense 

oligonucleotides targeting PCSK9 mRNA or protein are already approved by regulatory 

agencies such as the FDA and EMA or are in advanced development78–81. PCSK9 gene 

editing as a treatment for hypercholesterolemia has been recently and extensively reviewed 

by Musunuru and colleagues82,83. We will review some of those gene editing studies here 

with our own perspectives.

Gene editing strategies targeting PCSK9 gained traction after promising in vivo murine 

results. Initial studies used adenovirus to deliver CRISPR/SpCas9 and a guide RNA to 
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disrupt mouse hepatic Pcsk984. Within days, Pcsk9 NHEJ-mediated mutagenesis surpassed 

50%, plasma protein decreased 90%, and plasma cholesterol decreased 35–40%. Moreover, 

there was no evidence of off-target mutagenesis in 10 selected sites. An independent and 

highly sensitive assessment of off-target editing using a similar adenoviral gene editing 

approach also observed no mutagenesis in over 180 candidate sites85. Similar effects on 

gene editing were also found in a chimeric liver-humanized mouse model86.

Although adenoviral vectors were initially employed for their larger cargo capacity, 

identification of smaller Cas proteins and advances in LNP design allowed for studies 

using more clinically favorable delivery methods. AAV delivered Staphylococcus aureus 
Cas9 (SaCas9, ~1kb smaller than SpCas9) Pcsk9 gene editing in wild type mice reached 

40–50%, decreased plasma PSCK9 protein around 95%, and reduced plasma cholesterol 

about 40%, demonstrating that SaCas9 gene editing was comparable to “classic” SpCas9 

gene editing53. LNPs were also successfully used to deliver SpCas9 mRNA paired with 

chemically modified Pcsk9-targeting guide RNAs87. These modifications enhanced stability 

without inhibiting guide RNA honing function or Cas9 interactions. Indeed, the authors 

reported an unprecedented 80% liver-specific gene editing efficiency, undetectable levels of 

circulating PCSK9 protein, and a 35–40% decrease in cholesterol in wild type mice87.

Base editing tools have also been used to target PCSK9. Initial studies used a cytosine base 

editor BE3 and a guide RNA targeting mouse Pcsk9 to specifically introduce nonsense 

mutations in mice, resulting in halved plasma PCSK9 protein levels88. While plasma 

cholesterol only decreased ~30%, slightly less than observed in NHEJ-mediated gene 

disruption strategies, this decrease would still provide a therapeutic benefit and avoids 

risks associated with DNA double-strand breaks. However, the large size of the base editor 

combined with the guide RNA required the authors to use an adenoviral vector. More recent 

work has designed split base editors that are delivered in dual AAVs then reconstituted in 
vivo89. Using this more clinically favorable vector, the authors reported ~20–25% editing 

efficiency of Pcsk9 specifically and 38% editing in the liver over all their studies. This 

efficiency may be sufficient for dyslipidemia targets. Regardless of the approaches, these 

NHEJ and base editing studies demonstrated that genetic disruption of Pcsk9 is feasible and 

yields significant decreases in PCSK9 protein and LDL-C.

Recent nonhuman primate studies have further bridged the gap towards clinical trials. AAV 

delivering a meganuclease targeting a conserved sequence in PCSK9 in rhesus macaques 

achieved 64% editing, 84% reduction in circulating PSCK9 protein, and 60% reduction in 

plasma LDL-C at the highest dose tested24. Despite these promising outcomes, this approach 

resulted in mild elevations in blood transaminase levels in all monkeys and a somewhat 

high rate of off-target editing. An engineered second-generation meganuclease yielded over 

50% decrease in circulating PCSK9 protein, over 30% reduction in LDL-C and substantially 

reduced off-target cleavage, but same elevation in blood transaminase levels24. Notably, 

most insertions larger than 15bp at DNA double-strand break sites in PCSK9 contained 

AAV vector sequence. Off-target sites were also noted, mostly within intronic regions or 

intergenic regions. All treated nonhuman primates maintained their reductions in PCSK9 

protein and LDL-C over three years with no adverse changes in liver histopathology after 

the initial increase in transaminase, attributed in part to immune response to the transient 
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expression of the AAV-delivered meganuclease40. Increased in vivo nuclease specificity, as 

determined by a reduction in off-target activity, was observed using a self-targeting vector 

and shorter promoter90.

Using LNPs as an alternative delivery vehicle and a base editing approach, Rothgangl et 

al. demonstrated an average 26% editing, 32% reduction in circulating PCSK9 protein, 

and 14% reduction in LDL-C46. mRNA encoding the base editor was cleared rapidly, 

which likely contributed to the lack of observed off-target activity, although a more robust 

assessment could have been performed. A subset of nonhuman primates was dosed a 

second time two weeks later to determine whether editing efficiency could increase with 

re-treatment46. However, no further increase in editing was observed, likely due to an 

immune response to the base editor itself upon the primary treatment. Cas9 antibodies were 

detected in repeat-dose groups and blood transaminases were transiently increased. The LNP 

formulation was assessed for liver specificity by analysis of on-target PCSK9 editing in nine 

organs. While eight of the organs exhibited less than 1% editing, the spleen exhibited around 

6% and 12% editing dependent on the number of doses. The limited timeframe of the study 

(29 days) precluded any long-term safety and persistence assessments.

LNPs were also used by Musunuru et al. to deliver a CRISPR base editor to knockdown 

hepatic PCSK9 in cynomolgus monkeys47. Short-term, two-week studies demonstrated over 

50% PCSK9 editing, 81% reduction in PCSK9 protein and 65% reduction in LDL-C. The 

use of a new generation base editor may explain the higher editing efficiency in comparison 

to the one employed by Rothgangl et al.46. Although most editing was contained to the liver, 

like the results observed by Rothgangl, some editing was observed in the spleen and adrenal 

glands. Long-term studies (8 months) at a higher dose demonstrated 66% base editing, 90% 

reduction in circulating PCSK9, and 60% reduction in LDL-C. These results mirror the 

~50% reduction in LDL-C levels reported in a recent meta-analysis of currently available 

treatments targeting PCSK991. Both nonhuman primate cohorts experienced moderate rises 

in blood transaminases shortly after administration (attributed to the LNPs) that were 

resolved within two weeks. Off-target analysis in LNP-treated primary cynomolgus monkey 

hepatocytes revealed activity at one site which has minimal homology to the human genome. 

In direct liver samples from LNP-treated monkeys, less than 1% or no off-target editing 

was observed at the different doses administered. When the therapy was applied to human 

hepatocytes, editing was also restricted to PCSK947.These LNP based editing strategies 

in non-human primates seem to elicit a better specificity profile when compared to an 

AAV-delivered gene editing approach. Excitingly, a phase 1b study testing the safety of a 

base-editing drug targeting PCSK9 has just begun in patients with heterozygous familial 

hypercholesterolemia and cardiovascular disease (NCT05398029). If the results observed 

in the nonhuman primate studies translate into similar results in humans, the use of 

base editing to target PCSK9 could yield reductions comparable to those obtained with 

currently available PCSK9 monoclonal antibodies, with the advantage of requiring a single 

administration.
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7.2 Targeting Angptl3

ANGPTL3 is another attractive target for lipid lowering. Like with PCSK9, subjects with 

loss of function mutations in ANGPTL3 exhibit decreased plasma lipids and protection 

against coronary artery disease without any apparent adverse effects71–73. Evinacumab, a 

monoclonal antibody targeting ANGPTL3 protein is already approved for the treatment 

of homozygous familial hypercholesterolemia. ANGPTL3 inhibition markedly reduces 

LDL-C in these patients in an LDLR-independent mechanism92–94, making ANGPTL3 an 

ideal candidate for the treatment of this rare form of hypercholesterolemia. Moreover, a 

monoclonal antibody and siRNA targeting ANGPTL3 mRNA are also being developed for 

the treatment of hypertriglyceridemia (NCT04832971, NCT04863014)95.

An optimized LNP system delivering CRISPR/SpCas9 mRNA and Angptl3-targeting guide 

RNA resulted in about 38% editing efficiency, 65% reduction in circulating ANGPTL3 

protein, 56% reduction in LDL-C, and 29% reduction in TG96. These results were 

maintained through 100 days after injection with no off-target effects detected at nine 

top-predicted sites. Using an adenovirus encoding a base editor and guide RNA targeting 

Angptl3, Chadwick and colleagues demonstrated 35% editing, 49% reduction in ANGPTL3 

protein, 31% reduction in TG, and 19% reduction in cholesterol in wild type mice within 

one week97. They further tested the effect of delivering base editor with a mix of guide 

RNAs - half targeting Angptl3 and half targeting Pcsk9. While single gene targeting and 

combined gene targeting yielded similar decreases in plasma cholesterol (~20%), Angptl3 
targeting alone decreased TGs more than Pcsk9 alone or in combination. It is unclear 

whether halving the dose of each guide RNA contributed to the lack of additive effects 

on lipids. Finally, they tested the effect of base editing of Angptl3 on an Ldlr knockout 

background, a model of homozygous familial hypercholesterolemia, and found a ~50% 

reduction in both triglycerides and cholesterol levels two weeks after injection. Lipid 

lowering effects and the absence of off-targeting editing also seem to be confirmed in 

preliminary results in non-human primates98.

Some cautionary tales regarding the use of intracellular ANGPTL3 inhibition come from 

the data observed in a phase 2b clinical trial using Vupanorsen, an antisense oligonucleotide 

(ASO) targeting ANGPTL3, in which liver enzyme elevation and increased liver fat were 

reported99. Although these adverse events could be due to an off-target effect of the drug, 

an ANGPTL3-dependent effect cannot be excluded. Thus, while disruption of Angptl3 is 

emerging as another promising target to treat both elevated LDL-C and triglycerides levels, 

it is critical that these safety concerns are first addressed.

7.3 Targeting APOC3

Apolipoprotein C3 (APOC3) is yet another attractive target for lipid lowering treatment, 

particularly for the treatment of hypertriglyceridemia. Naturally occurring loss of function 

mutations in APOC3 are associated with decreased triglyceride levels and decreased 

risk of coronary heart disease100. Moreover, homozygous loss of function of APOC3 in 

humans improves post-prandial lipemia101. CRISPR inactivation of ApoC3 in hamsters 

and rabbits has shown to protect against atherosclerosis102,103. While these studies only 
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aimed to generate knockout models to understand ApoC-III’s role in atherosclerosis, they 

demonstrated that APOC3 is a plausible candidate for further pre-clinical assessment.

8. Challenges inherent to gene editing technologies

The permanent nature of DNA changes caused by gene editing requires a careful and 

critical assessment of the safety of this technology before it can be employed broadly to 

treat human conditions. While some safety challenges are shared with other gene-focused 

therapies (such as the adverse events associated with delivery methods or the development 

of autoantibodies, described in the introduction), others are inherent to gene editing. Among 

them are unintended effects of gene disruptions and the risk of off-target effects. A 

comprehensive characterization of the phenotype of individuals carrying loss-of-function 

variants in genes targeted for disruptions can be useful to assess the effect of disrupting 

those genes. Indeed, the choice of PCSK9 and ANGPTL3 as targets of base editing for 

the treatment of dyslipidemias is supported by the apparent good health of individuals with 

PCSK968–70 and ANGPTL3 deficiency71–73. The assessment of off-target risks remains 

even more challenging because the human genome is different from those of animal 

models, but also because each individual human has a unique genetic make-up. Furthermore, 

standard approaches for predict off-target mutations are not yet established. Currently, in 

depth in silico analysis accompanied by testing in human cells (such as primary hepatocytes 

or iPSC-derived hepatocytes) are among the approaches used, as reported Musunuru and 

colleagues47.

Although a review on the ethical and societal implications of gene editing is outside the 

scope of this review, it is important to remember that this topic is still hotly debated, 

particularly in the context of germline and inheritable human gene editing104. The current 

paucity of information on safety and impossibility to exclude with certainty the absence off 

target effects, lends to the consensus that clinical use should be limited to somatic gene 

editing.

9. Conclusions

Over the last decades, dyslipidemia therapies have evolved from small molecules to be taken 

daily, to monoclonal antibodies administered every two weeks, to RNA-based treatments 

(antisense oligonucleotides and siRNAs) that are required every few months. Gene editing 

approaches are looking to extend the therapeutic window even further by promising a 

permanent effect. These techniques are graduating from coarser DNA double-strand break 

approaches to more refined DNA single-strand break approaches which introduce precise 

modifications.

These approaches hold promise for treating rare monogenic conditions with significant 

unmet medical needs. Although early attempts to use gene editing were terminated for 

lack of efficacy (NCT03041324), early phase trials in patients with phenylketonuria 

(NCT05222178) and with Leber Congenital Amaurosis (NCT03872479) are ongoing. 

Importantly, the recently published results from the first liver-directed gene editing clinical 

trial in patients with transthyretin amyloidosis look promising8; results at one month 
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demonstrate that a single dose of NTLA-2001, the LNP-delivered CRISPR/Cas9 mRNA and 

guide RNA therapeutic, substantially decreases blood transthyretin with few, mild adverse 

events. If the promising pre-clinical data regarding ANGPTL3 are confirmed, homozygous 

familial hypercholesterolemia may be the first rare disorder of lipid metabolism to be treated 

with this cutting-edge approach.

Perhaps more excitingly, rapid advances in the development of safer tools coupled 

with validated therapeutic targets such as PCSK9 and ANGPTL3 may expand the 

use of gene editing from patients with rare diseases to a broader pool of patients 

with refractory dyslipidemia and high atherosclerotic cardiovascular disease risk. Of 

interest, a phase 1b trial using base-editing technology to disrupt PCSK9 in the liver 

(thus lowering circulating PCSK9 protein and LDL-C) is ongoing in patients with 

heterozygous familial hypercholesterolemia and established atherosclerotic cardiovascular 

disease (NCT05398029).

These emerging gene editing strategies have opened the door to long-term therapeutic 

solutions that are on track to revolutionize dyslipidemia management. However, since these 

treatments result in permanent changes in the patient’s genome, it will be paramount to 

determine the acute, intermediate, and long-term safety profile of in vivo gene editing 

in humans. Moreover, beyond the excitement of these new scientific frontiers, continued 

development of such powerful tools will need to be guided by ethical considerations and 

accompanied with clear boundaries that limit the use of somatic gene editing.
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Highlights:

• Gene editing can repair or disrupt genes. This powerful technology is being 

used to better understand the function of genes and as a potential therapeutic 

approach.

• Thanks to the simplicity and efficiency of CRISPR/Cas technology, the 

improved precision of base editing, and the advancements in delivery systems, 

development of somatic gene editing therapeutics is fast advancing.

• A Phase 1b clinical trial using base editing targeting PCSK9 is ongoing. 

ANGPTL3, LDLR, APOC3, and other targets are being explored for the 

treatment of dyslipidemias.

• Careful assessments of short-, medium-, and long-term safety, and clear 

ethical boundaries must accompany the development of somatic gene editing.
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Figure 1. Gene editing strategies to treat dyslipidemias.
Lipid nanoparticles (LNPs) or viral vectors can be used to deliver nucleases, modified 

Cas9, or dead Cas9 fusion proteins. Techniques relying on DNA double-strand breaks 

can be repaired via non-homologous end joining (NHEJ) to introduce insertions and 

deletions (indels) which disrupt gene function, or homology-directed repair (HDR) which 

uses template DNA to restore gene function. Newer techniques rely on DNA single-

strand breaks to alter single nucleotides (base editing) or introduce targeted indels or 

base conversions (prime editing). Fusion proteins can perform epigenetic modifications 

without breaking DNA strands. Knockdown strategies have been used to decrease PCSK9, 

ANGPTL3, APOC3, and LPA expression for therapeutic lipid lowering. Restoration of 

LDLR has also been explored for therapeutic lipid lowering. These approaches are 

being developed for the treatment of HoFH (homozygous familial hypercholesterolemia) 

and other rare monogenic diseases. In the future, gene editing approaches may be 

expanded to the treatment of refractory dyslipidemia and high risk patients with 

common dyslipidemia. Figure created with Biorender.com. ANGPTL3, Angiopoietin-like 

3; APOC2, apolipoprotein C2; APOC3, apolipoprotein C3; CAS, clustered regularly 

interspaced short palindromic repeats /CRISPR-associated; HDR, homology-directed repair; 

HoFH, homozygous familial hypercholesterolemia; indel, insertions or deletions; LCAT, 

lecithin-cholesterol acyltransferase; LDLR, low density lipoprotein receptor; LNP, lipid 

nanoparticle; LPA, lipoprotein(a); MTTP, microsomal triglyceride transfer protein; NHEJ, 

non-homologous end joining; PCSK9, proprotein convertase subtilisin/kexin type 9.
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Table 1.

Comparison of in vivo gene transfer and gene editing strategies.

Gene transfer Gene editing

Principle Deliver copy of functional gene Restore or disrupt endogenous genes

Advantages

•Can treat any patient carrying any variants in a given gene
• Does not require DNA breaks
• Low risk of integrations with AAV-based vectors
• Long-term efficacy
• Longer experience in clinical development

• Versatile technology, including base editing and prime editing
• Editing of endogenous DNA, potentially conferring permanent 
efficacy
• Can be delivered via viral or LNP systems
• Transitory presence of editing machinery and delivery system 
(LNP)
• Re-dosing may be possible when using LNPs

Limitations

• Cannot be “undone”
• Current strategies require viral vectors
• Adverse events include immune reactions caused by viral 
capsid
• Re-dosing limited by development of neutralizing 
antibodies
• Efficacy may dilute with time if AAV-delivered genetic 
information persists as episome
• Possible development of autoantibodies against newly 
expressed proteins

• Cannot be “undone”
• Only patients with variant in specific target region can be 
treated
• If viral vectors are used, adverse events include immune 
reactions caused by viral capsid
• Possible development of autoantibodies against newly 
expressed proteins
• Risk of off-target editing and unintended effect

AAV, adeno-associated virus; LNP, lipid nanoparticle.
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Table 2.

Summary of gene editing approaches to treat dyslipidemias.

Target Model Method Results Reference

LDLR

Mouse, C57BL/6J AAV-CRISPR/SaCas9 
disruption

Severe hypercholesterolemia
Atherosclerotic lesions in aortas Jarrett, K. E. 2018 (21)

Mouse, C57BL/6 CRISPR/SpCas9 HDR
into fertilized eggs

Elevated plasma cholesterol
Atherosclerotic lesions in aortas Zhao, H. 2020 (23)

Mouse, LdlrE208X 

Knock-in
Dual AAVs-CRISPR/

SpCas9 HDR

18% restoration LDLR protein
~65% decrease cholesterol

Smaller atherosclerotic lesions in aortas
Zhao, H. 2020 (23)

Human iPSC, FH 
Patient

CRISPR/SpCas9
Nickase, HDR repair Restored normal LDLR structure Omer, L. 2017 (63)

LDLR + 
APOB

Mouse, Cas9 
Transgenic AAV disruption Reduced plasma cholesterol

Protection against atherosclerosis Jarrett, K. E. 2017 (64)

PCSK9

Mouse, C57BL/6 Adenovirus-CRISPR/
SpCas9 disruption

90% decrease PCSK9 protein
35–40% decrease plasma cholesterol Ding, Q. 2014 (84)

Mouse, C57BL/6 AAV-CRISPR/SaCas9 
disruption

~95% decrease PCSK9 protein
~40% decrease plasma cholesterol Ran, F. 2015 (53)

Mouse, C57BL/6 LNP-CRISPR/SpCas9 
disruption

Undetectable PCSK9 protein
35–40% decrease plasma cholestero Yin, H. 2017 (87)

Mouse, C57BL/6J Adenovirus-BE3 base 
editing disruption

~55% decrease PCSK9 protein
~30% decrease plasma cholesterol

Chadwick, A. C. 2017 
(88)

Mouse, C57BL/6 Dual AAVs-CBE base 
editing disruption

~20–25% editing efficiency Pcsk9
38% editing in liver overall Levy, J. M. 2020 (89)

Mouse, Chimeric 
Liver-Humanized

Adenovirus-CRISPR/
SpCas9 disruption 52% decrease human PCSK9 protein Wang, X. 2016 (86)

Non-human primate, 
Rhesus macaque

AAV-1st generation 
meganuclease disruption

Up to 84% decrease PCSK9 protein
Up to 60% decrease LDL-C Wang, L. 2018 (24)

Non-human primate, 
Rhesus macaque

AAV-2nd generation 
meganuclease disruption

55–62% decrease PCSK9 protein
33–39% decrease LDL-C Wang, L. 2018 (24)

Non-human primate, 
Rhesus macaque

AAV-2nd generation 
meganuclease (self-
targeting) disruption

24–60% decrease PCSK9 protein
11–36% decrease LDL-C Breton, C. 2021 (90)

Non-human primate, 
Cynomolgus macaque

LNP-ABE base editing 
disruption

32% decrease PCSK9 protein
14% decrease LDL-C Rothgangl, T. 2021 (46)

Non-human primate, 
Cynomolgus macaque

LNP-ABE8.8 base editing 
disruption

81–90% decrease PCSK9 proteinn
60–65% decrease LDL-C Musunuru, K. 2021 (47)

ANGPTL3

Mouse, C57BL/6 LNP-CRISPR/SpCas9 
disruption

65% decrease ANTPL3 protein
56% decrease LDL-C

29% decrease TG
Qiu, M. 2021 (96)

Mouse, C57BL/6J Adenovirus-BE3 base 
editing disruption

49% decrease ANGPTL3 protein
19% decrease cholesterol

31% decrease TG

Chadwick, A. C. 2018 
(97)

Mouse, Ldlr Knockout Adenovirus-BE3 base 
editing disruption

51% decrease cholesterol
56% decrease TG

Chadwick, A. C. 2018 
(97)

Non-human primate LNP-ABE base editing 
disruption

95% decrease ANGPTL3 protein
19% decrease LDL-C

64% decrease TG
Verve Therapeutics (98)

PCSK9 + 
ANGPTL3 Mouse, C57BL/6J Adenovirus-BE3 base 

editing disruption
~20% decrease cholesterol

~20–30% decrease TG
Chadwick, A. C. 2018 

(97)
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Target Model Method Results Reference

APOC3

Hamster, Syrian 
Golden CRISPR/Cas9 disruption ~50% decrease TG

Some protection against atherosclerosis Guo, M. 2020 (102)

Rabbit, New Zealand 
White CRISPR/Cas9 disruption 50% decrease TG

Protection against atherosclerosis Zha, Y, 2021 (103)

AAV, adeno-associated virus; ANGPTL3, angiopoietin-like 3; APOB, apolipoprotein B; APOC3, apolipoprotein C3; CRISPR/CAS, clustered 
regularly interspaced short palindromic repeats /CRISPR-associated; HDR, homology-directed repair; LDL-C, low density lipoprotein cholesterol; 
LDLR, low density lipoprotein receptor; LNP, lipid nanoparticle; PCSK9, proprotein convertase subtilisin/kexin type 9; SaCas9, Staphylococcus 
aureus Cas9; SpCas9, Streptococcus pyogenes Cas9; TG, triglyceride.
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