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Abstract
Long non-coding RNA (lncRNA) genes represent a large class of transcripts that are widely expressed across species. As 
most human lncRNAs are non-conserved, we recently employed a unique humanized liver mouse model to study lncRNAs 
expressed in human livers. We identified a human hepatocyte-specific lncRNA, hLMR1 (human lncRNA metabolic regulator 
1), which is induced by feeding and promotes hepatic cholesterol synthesis. Recent genome-wide association studies (GWAS) 
found that several single-nucleotide polymorphisms (SNPs) from the hLMR1 gene locus are associated with blood lipids 
and markers of liver damage. These results suggest that dietary and genetic factors may regulate hLMR1 to affect disease 
progression. In this study, we first screened for nutritional/hormonal factors and found that hLMR1 was robustly induced 
by insulin/glucose in cultured human hepatocytes, and this induction is dependent on the transcription factor SREBP1. We 
then tested if GWAS SNPs genetically linked to hLMR1 could regulate hLMR1 expression. We found that DNA sequences 
flanking rs9653945, a SNP from the last exon of the hLMR1 gene, functions as an enhancer that can be robustly activated by 
SREBP1c depending on the presence of rs9653945 major allele (G). We further performed CRISPR base editing in human 
HepG2 cells and found that rs9653945 major (G) to minor (A) allele modification resulted in blunted insulin/glucose-induced 
expression of hLMR1. Finally, we performed genotyping and gene expression analyses using a published human NAFLD 
RNA-seq dataset and found that individuals homozygous for rs9653945-G have a higher expression of hLMR1 and risk of 
NAFLD. Taken together, our data support a model that rs9653945-G predisposes individuals to insulin/glucose-induced 
hLMR1, contributing to the development of hyperlipidemia and NAFLD.

Introduction

Hyperlipidemia is defined as increased blood lipid levels, 
mainly cholesterol and triglycerides. It is a critical risk fac-
tor for heart attack, stroke, and many other cardiometabolic 
diseases. Currently, hyperlipidemia affects about one-third 
of the adult population in the U.S. and its management 
presents a substantial social and financial burden for mod-
ern society (Toth et al. 2012). The liver is one of the most 
important organs in maintaining blood lipid homeostasis. 
Given its central role in controlling circulating lipids, it is 

not surprising that chronic liver diseases, including nonal-
coholic fatty liver disease (NAFLD), are major risk factors 
for many cardiovascular disorders. While epidemiological 
studies support that genetic variants and diets rich in lipids/
carbohydrates contribute to NAFLD and hyperlipidemia, 
how they coordinate to affect hepatic lipid metabolism and 
promote cardiometabolic diseases in humans has yet to be 
fully understood.

LncRNAs represent a large class of transcripts that are 
widely expressed across all mammalian species. Recent 
lncRNA studies in animal models proved they are crucial 
nutrient sensors that regulate vital metabolic pathways in 
a tissue-specific manner (Li et al. 2015; Ruan et al. 2016; 
Sallam et al. 2018; Yang et al. 2016; Zhao et al. 2014). As 
most of human lncRNAs are non-conserved across species 
(Johnsson et al. 2014), we recently used a unique human-
ized liver mouse model (Hasegawa et al. 2011) to study the 
regulation and function of human lncRNAs in a physiologi-
cally relevant setting (Ruan et al. 2020, 2021). We defined 
several non-conserved human lncRNA metabolic regulators 
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(hLMRs). One of these human lncRNAs, hLMR1 (Ensemble 
ID: ENSG00000243818), is exclusively expressed in hepato-
cytes of the human liver. hLMR1 is upregulated by feeding 
in the humanized liver mouse model and promotes choles-
terol synthesis (Ruan et al. 2021), a process with reported 
causal effects in both hyperlipidemia and NAFLD (Horn 
et al. 2022). Consistent with these results, recent GWAS 
revealed that genetic variants within and around the hLMR1 
gene locus are associated with both blood cholesterol levels 
(Graham et al. 2021), as well as chronic alanine transami-
nase (Sakaue et al. 2021) (ALT), a biomarker of NAFLD. 
These experimental and human genetic data suggest that 
hLMR1 may integrate dietary and genetic signals to pro-
mote cholesterol synthesis contributing to the development 
of hyperlipidemia and NAFLD.

In this study, we found that hLMR1 is robustly induced 
by insulin/glucose. This induction is controlled by a non-
coding genetic variant (rs9653945) associated with the risk 
of hyperlipidemia and NAFLD. Analyzing a human NAFLD 
dataset further supports that individuals carrying the risk 
allele of rs9653945 have elevated expression of hLMR1 and 
an increased risk of NAFLD. Our study thus provides an 
example that genetic variants (rs9653945-G) interact with 
dietary factors (glucose) to regulate human-specific genes 
(hLMR1) that contribute to the progression of both hyper-
lipidemia and NAFLD. Our work also supports the potential 
of blocking hLMR1 as a therapeutic strategy for cardiometa-
bolic diseases.

Results

Upregulation of hLMR1 by insulin/glucose

Our previous studies showed that there were 14 isoforms 
detected in human liver full length RNA-seq analysis 
(PacBio sequencing). All these detected isoforms have 
similar gene structure with differences on a few exons. For 
detecting hLMR1 expression, we designed the primer on the 
last exon, which is shared by all isoforms. For overexpres-
sion of hLMR1, we cloned hLMR1 from a pooled human 
liver cDNA library, and the cloned isoform covered all the 
major exons of hLMR1 (Ruan et al. 2021). We found that 
hLMR1 was suppressed by fasting and induced by refeed-
ing in humanized liver mice (Ruan et al. 2021). In a clinical 
study, hLMR1 was downregulated by a low-carb diet inter-
vention in obese patients with NAFLD (Mardinoglu et al. 
2018) (Supplementary Fig. 1A). These observations indicate 
that feeding-associated factors like insulin/glucose may reg-
ulate the expression of hLMR1. To test this, we treated cul-
tured human HepG2 hepatocytes for eight hours with either 
2.5 mM glucose (low glucose), low glucose plus 100 nM 
insulin, 25 mM glucose (high glucose), or high glucose 

plus insulin. We found that while insulin and glucose alone 
showed a mild effect on inducing hLMR1, the combination 
showed a stronger effect (Supplementary Fig. 1B). We next 
extended the treatment to 24 h and found that hLMR1 was 
dramatically upregulated by the combination of insulin and 
high glucose (Fig. 1A). We noticed that high glucose alone 
achieved similar induction as high glucose plus insulin in the 
24 h treatment conditions, suggesting that glucose concen-
tration is the major factor determining hLMR1 expression. 
SREBP1c, a known lipogenic transcription factor mediat-
ing insulin/glucose-induced gene expression (Wang et al. 
2015) was also upregulated in this setting (Fig. 1A). To test 
if glucose/insulin-induced expression of hLMR1 is depend-
ent on SREBP1c, we knocked down SREBP1 using siRNAs 
in HepG2 cells treated with insulin/glucose. We found this 
procedure led to decreased expression of hLMR1 (Fig. 1B). 
These data support that feeding-associated increase of glu-
cose and insulin upregulates hLMR1 expression through 
SREBP1.

rs9653945 is a functional SNP that affects SREBP1c 
activation

In line with hLMR1’s reported role promoting cholesterol 
synthesis (Ruan et al. 2021), recent GWAS in general popu-
lations and in U.S. veterans found that several SNPs from 
the hLMR1 gene locus are associated with blood low-density 
lipoprotein (LDL) cholesterol and ALT levels (Graham et al. 
2021; Klarin et al. 2018; Qi and Chatterjee 2018; Sakaue 
et al. 2021) (Fig. 2A and C). Interestingly, these SNPs are 
also associated with hepatic expression of hLMR1 based on 
eQTL data from The Genotype-Tissue Expression project 
(Consortium 2013) (Fig. 2B). Specifically, for SNPs from 
this linked region (r2 < 0.8), risk alleles (average allele fre-
quency 65%) that are associated with higher blood lipids/
ALT are also linked to higher expression of hLMR1, sug-
gesting these common genetic variants may regulate the 
expression of hLMR1. Among these SNPs, we were inter-
ested in rs9653945 due to its strong association with blood 
LDL-cholesterol and ALT levels (Fig. 2C), and the hepatic 
expression of hLMR1 (Fig. 2B) and reported binding events 
of SREBP1 in the rs9653945 DNA region (Consortium 
2012) (Fig. 2D). Furthermore, ChIP analysis in human livers 
showed that the rs9653945 DNA region is within the peak 
of enhancer markers, including H3K4me1 and H3K27ac 
(Roadmap Epigenomics et  al. 2015) (Fig.  2D). These 
observations indicate that the rs9653945 DNA region may 
interact with SREBP1 in the liver and serve as an enhancer 
that potentially affects hLMR1 expression. To test this, we 
prepared a construct that tests the rs9653945 DNA region 
for enhancer activity upstream of a mini promoter-driven 
luciferase reporter (Pasquali et al. 2014) (Fig. 2E). We found 
that SREBP1c robustly activated the reporter carrying the 
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rs9653945 major allele G, while the reporter carrying the 
rs9653945 minor allele A showed no response to SREBP1c 
(Fig. 2E). This result suggests that rs9653945 is a causal 
SNP linking hepatic expression of hLMR1 to blood lipids 
and ALT.

CRISPR base editing of rs9653945 in HepG2 cells 
affects insulin/glucose‑induced hLMR1

To further understand the role of rs9653945 in a native 
genomic context, we seek to use CRISPR base editing tools 
to modify the rs9653945 genomic loci in HepG2 cells. In 
line with our observation that insulin/glucose can robustly 
activate hLMR1 expression, Taqman genotyping analysis 
revealed that HepG2 cells are homozygous for the rs9653945 
major allele G (Supplementary Fig. 2). As such, we decided 

to use cytosine base editors (CBEs), which convert C•G 
base pairs to T•A base pairs (Huang et al. 2021). As no clas-
sical NGG PAM motif can be used to design a sgRNA that 
can include the G allele in the optimized editing window, we 
decided to use the CBE version that can recognize sgRNAs 
with an NG PAM motif (Huang et al. 2021). As shown in 
Fig. 3A, we cloned the designed sgRNA into the sgRNA 
vector and then co-transfected it with several available CBE-
NGs in HepG2 cells. We then purified the genomic DNA 
and amplified the rs9653945 region for Sanger Sequencing. 
Among the CBE-NGs, BE4max-NG achieved the best edit-
ing efficiency and accuracy (Huang et al. 2021; Thuronyi 
et al. 2019). As shown in Fig. 3B, around 50% of the G 
allele was edited to the A allele without unwanted editing. 
Next, we treated HepG2 cells with high glucose plus insulin, 
as in Fig. 1A, and found an induced hLMR1 expression in 

Fig. 1   A Relative expression of 
hLMR1 in HepG2 cells treated 
with low (2.5 mM) or high 
(25 mM) glucose combined 
with or without 100 nM insulin 
for 24 h (n = 3 for each group). 
B Relative mRNA expression 
in HepG2 cells transfected with 
siRNA control or siRNA target-
ing SREBP1 and incubated 
with high glucose and insulin 
for 24 h (n = 3 for each group). 
Data shown as the mean ± SEM. 
*p < 0.05, **p < 0.01 and 
***p < 0.001
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cells with control editing, and significantly compromised 
induction of hLMR1 in cells with rs9653945 G-to-A edit-
ing (Fig. 3C). As a control, the expression of PAQR9, the 
closest neighbor gene of hLMR1, was mildly upregulated 
by high glucose plus insulin, but this regulation was not 
affected by rs9653945 G-to-A editing (Fig. 3D), suggesting 
the specific regulation of hLMR1 by rs9653945. We fur-
ther performed a SREBP1 Chromatin immunoprecipitation 
(ChIP) assay in HepG2 cells with control or rs9653945 base 
editing in this setting (Fig. 3E). Consistent with the pub-
lished SREBP1 ChIP-seq data in Fig. 2D, we found SREBP1 
showed a strong interaction with the rs9653945 DNA region, 
and this interaction was reduced by rs9653945 G to A edit-
ing. As a negative control, RPL30 showed no enrichment by 
SREBP1 ChIP. As a positive control, the primer amplifying 
LDLR (low-density lipoprotein receptor) promoter region 
was enriched by SREBP1 ChIP (Reed et al. 2008) and this 
enrichment was not affected by rs9653945 base editing 
(Fig. 3E). Together with our luciferase reporter assay, these 
data support that the rs9653945 G allele enhances SREBP1 
binding to induce hLMR1 expression.

rs9653945 does not affect the stability of hLMR1

We noticed that rs9653945 localizes on the last exon of 
hLMR1, which is shared by all hLMR1 isoforms in human 
livers (Ruan et al. 2021). As such, rs9653945 can potentially 
affect hLMR1 expression at both the DNA (as demonstrated 
above) and RNA level (hLMR1-A vs hLMR1-G). To address 
this, we prepared the constructs that express hLMR1-A or 
hLMR1-G and transfected them in HepG2 cells and chased 
their degradation. As shown in Supplementary Fig. 3A, 
hLMR1-A and hLMR1-G were expressed at a comparable 
level and showed a similar decay rate with a half-life time 
of about six hours. The mRNA half-life time of control 
genes, including GAPDH and SREBP1, was not affected by 
hLMR1-G as compared with hLMR1-A.

rs9653945 associates with the expression of hLMR1 
and the progression of NAFLD

Together with the published eQTL (Consortium 2013) 
(Fig. 2B) and GWAS data (Graham et al. 2021; Klarin 

Fig. 2   A Illustration of the blood lipid-associated SNPs from the 
hLMR1 gene locus. Red, rs9653945; B Violin plots of hLMR1 QTL 
data for rs11709868, rs9832727, rs4683438, and rs9653945. Data are 
adapted from GTEx; C Association of rs9653945-A with decreased 
circulating LDL-cholesterol, triglyceride, and alanine transaminase 
levels. Data are adapted from GWAS Catalog (Sollis et al. 2023) (The 
NHGRI-EBI Catalog of human genome-wide association studies); 
D Illustration of SREBP1 ChIP-seq in HepG2 cells (https://​www.​
encod​eproj​ect.​org/​exper​iments/​ENCSR​000EZP/), H3K4me1 (https://​
www.​encod​eproj​ect.​org/​annot​ations/​ENCSR​273DRG/) and H3K27ac 

(https://​www.​encod​eproj​ect.​org/​annot​ations/​ENCSR​235UQA/) ChIP-
seq in human livers in rs9653945 DNA region. Data were visual-
ized in UCSC genome browser. As point by the red arrowhead, the 
SREBP1 ChIP-seq peak covered the rs9653945 region. rs9653945 
was indicated by a dotted line; E Top, illustration of the reporter 
used; bottom, luciferase assay testing the effects of expressing an 
active SREBP1c on reporters (n = 3 for each group). Data shown as 
the mean ± SEM, **p < 0.01 for comparation between Control and 
SREBP1c

https://www.encodeproject.org/experiments/ENCSR000EZP/
https://www.encodeproject.org/experiments/ENCSR000EZP/
https://www.encodeproject.org/annotations/ENCSR273DRG/
https://www.encodeproject.org/annotations/ENCSR273DRG/
https://www.encodeproject.org/annotations/ENCSR235UQA/
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et al. 2018; Sakaue et al. 2021) (Fig. 2C), our experimen-
tal analyses established the causality of rs9653945, which 
potentially links hLMR1 expression with blood cholesterol 
and ALT levels. To further explore the pathophysiological 
significance of the rs9653945-hLMR1 axis, we next asked 
if we could directly capture these associations in a sin-
gle dataset of metabolic diseases. To address this, we re-
analyzed a published RNA-seq dataset of human NAFLD, 
which includes health controls, obese individuals, NAFLD 
and nonalcoholic steatohepatitis (NASH) patients (Suppli 
et al. 2019). As rs9653945 is on the largest and shared 
exon of all hLMR1 isoforms, we were able to determine 
the genotyping information of rs9653945 and match this 
information with the expression of hLMR1 or status of 
disease (see “Methods”). As shown in Fig. 4A, in this dis-
ease dataset, the average expression of hLMR1 is higher 
in the rs9653945 (G/G) group than in the rs9653945 (A/A) 
group. Compared with health/obese individuals, NAFLD 
and NASH groups show a trend of higher frequency of 
rs9653945-G allele (Fig. 4B and Supplementary Table 1).

Discussion

hLMR1 mediated linkage among insulin resistance, 
hyperlipidemia and NAFLD

Cardiometabolic diseases, including hyperlipidemia, 
NAFLD and type 2 diabetes, are highly correlated, but the 
underlying genetic and dietary factors contributing to this 
correlation are unclear. This study provides evidence that 
insulin resistance associated hyperglycemia, can robustly 
induce hepatic expression of hLMR1 (Fig. 1A), a human-
specific lncRNA that promotes cholesterol synthesis and 
affects circulating cholesterol levels (Ruan et al. 2021). 
As increased cholesterol deposit in the liver is relevant 
to the pathogenesis of NAFLD, our studies may partially 
explain the tight connection among insulin resistance, 
hyperlipidemia and NAFLD. We provide evidence that 
this regulatory cascade is dependent on the presence of 
the major allele of rs9653945, a common genetic variant 

Fig. 3   A Illustration of the design of sgRNA targeting the G allele of 
rs9653945. B Sanger sequencing of the DNA amplified from Control 
(no editing) or base editing of rs9653945 HepG2 cells. rs9653945 
was pointed out by a red arrow. The G to A switch in edited cells 
was pointed by a red arrowhead. C hLMR1 and D PAQR9 expres-
sion in HepG2 cells with control or rs9653945 G-to-A editing (n = 3 
for each group). Data shown as the mean ± SEM. n.s. not significant. 

*p < 0.05, and ***p < 0.001. E SREBP1 ChIP analyses in HepG2 
cells with control or rs9653945 base editing under 25  mM glucose 
plus 100  nM insulin treatment. Experiments were performed using 
pooled samples from 24 well plates. The relative enrichment was cal-
culated by normalizing the amount of ChIP DNA to input DNA and 
comparing with the IgG control (set as 1) as fold enrichment
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that is associated with blood lipids as well as the risk 
of NAFLD (Fig 2B and C). As both the genetic variant 
and hLMR1 are non-conserved, our work thus defined a 
human-specific metabolic regulation and emphasize the 
importance of using a human-like system to understand 
metabolic regulation in health and diseases.

Rs9653945 DNA region as an exonic enhancer

It is known that cardiometabolic diseases are caused by an 
interplay between genetic and dietary factors, but how they 
coordinate with each other to affect disease progress is not 
clear. In our study, we noticed that at the basal condition in 
either the reporter assay (vector control) or the treatment 
experiment (low glucose group), the activity of the reporter 
or the expression of hLMR1 showed no differences between 
the setting of rs9653945 major allele G and minor allele 
A. However, when an active SREBP1c was introduced in 
the reporter assay or a high insulin plus glucose treatment 
was applied, the effects of G/A alleles started to differenti-
ate, with the G allele showing a higher activity interact-
ing with SREBP1 to induce hLMR1 expression (Fig. 3E 
and C), suggesting that the rs9653945 DNA region may 
serve as an exonic enhancer. Exonic enhancers are DNA 

elements from exon regions that also function as enhanc-
ers of the gene in which they reside or (a) nearby gene(s) 
(Ahituv 2016). Exonic enhancers can be activated by the 
binding of transcription factors and cofactors, which sub-
sequently leads to the activation of their target promoters, 
either through looping interactions between the enhancer 
and the promoter or via other mechanisms such as track-
ing or chromatin modifications. Our data suggest that DNA 
region flanking rs9653945 serves as an enhancer to activate 
hLMR1 expression possibly through looping interactions 
with hLMR1 promoter.

CRISPR base editing of rs9653945

The traditional strategies to experimentally define causal 
SNPs heavily rely on reporter assay. While it is straightfor-
ward and powerful, cloning-based reporter assay may not 
be able to capture long-range interactions among regula-
tory DNA elements. Our study combined traditional reporter 
assay (Fig. 2E) with CRISPR-mediated G to A switch in 
human HepG2 cells (Fig. 3) to demonstrate the causality of 
rs9653945 in controlling hLMR1 expression. We noticed 
that the basal expression level of hLMR1 significantly 
increased when HepG2 cells were transfected with CRISPR 

Fig. 4   A DESeq2-normalized counts of hLMR1 for each genotype 
of rs9653945. Each dot represents a normalized count of hLMR1 in 
each sample. The colored lines indicate the mean of hLMR1 expres-

sion in each genotype of the groups. B The proportion of rs9653945 
genotypes (%) in Healthy/Obese, or NAFLD/NASH group
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base editors. We speculate that the high basal expression 
of hLMR1 in base editing condition explains the less fold 
induction in Fig. 3C comparing with Fig. 1A. Furthermore, 
although we achieved about 50% editing efficiency in HepG2 
cells, screening for HepG2 subclones that are homozygous 
of rs9653945-A after editing will be helpful to further 
characterize rs9653945 in regulating hLMR1. Due to the 
reprogramed gene expression/metabolism in HepG2 cells, 
it is difficult for us to observe the downstream effects of 
the rs9653945-hLMR1 axis in regulating the expression of 
genes in the cholesterol synthesis pathway and circulation 
lipids. Future work performing high-efficiency CRISPR base 
editing using viral vectors in highly repopulated humanized 
liver mice will be able to map the full causality chain from 
the genetic variant to target genes to phenotype/diseases.

hLMR1 as a therapeutic target for cardiometabolic 
diseases

GWAS SNPs have been traditionally assigned to the closest 
protein-coding genes in linear distance. Even though lncR-
NAs are important regulators of many biological processes 
and frequently harbor GWAS SNPs, their roles in mediating 
the effects of GWAS SNPs are understudied. In our study, we 
provide evidence that rs9653945 is causal and acts through 
regulating the expression of hLMR1, but not PAQR9, the 
closest protein-coding gene that is also highly expressed in 
the liver (Fig. 3D). rs9653945 may still affect other genes in 
long distance, RNA-seq analysis to systemically define dif-
ferentially expressed genes in the setting of rs9653945 G-to-
A editing and analyses, including trans-eQTL calculation 
(Vosa et al. 2021), and SNP-gene 3D interaction (Orozco 
et al. 2022) can be performed to prioritize these differentially 
expressed genes for further functional studies. Nevertheless, 
as hLMR1 is highly and specifically expressed in human liv-
ers, with experimental data supporting its role in promoting 
cholesterol synthesis in humanized liver mice (Ruan et al. 
2021), and the new data we provided in this study establish-
ing the causality of insulin/glucose-rs9653945-hLMR1 cas-
cade in hyperlipidemia and NAFLD, targeting hLMR1 using 
pharmacologically approved strategies like anti-sense DNA 
oligos could be promising for treating/managing cardiometa-
bolic diseases in patients homozygous for rs9653945-G.

Methods

Cell culture, treatment, and transfection

HepG2 cells (ATCC Cat# HB-0865) and 293A cells (Ther-
moFisher Cat# R70507) were cultured in DMEM (Ther-
moFisher Cat# 11,965,118) supplemented with 10% FBS 
(ThermoFisher Cat# 26,140,079) at 37 °C in a 5% CO2 

atmosphere. For the insulin/glucose treatment, HepG2 cells 
were cultured on a 24-well plate overnight until reaching a 
confluence of ~ 70%. After incubation, cells were washed 
two times with PBS pH 7.4 and incubated overnight in 
DMEM without glucose (ThermoFisher Cat# 11,966,025) 
supplemented with 2.5 mM of glucose (Sigma Cat# G8270-
100G) at 37 °C in a 5% CO2 atmosphere. The next day, cells 
were washed with PBS pH 7.4 and incubated in DMEM 
without glucose supplemented with 2.5 mM of glucose or 
25 mM of glucose, these treatments were performed with 
or without 100 nM insulin (Millipore Cat# I0516-5 mL), as 
stated for each experiment. After the incubation, cells were 
washed with ice-cold PBS, and RNA was extracted and used 
for gene expression analysis. HepG2 cells were transfected 
with 20 nM of siRNA-B (Control; SCBT Cat# sc-44230) 
or siRNA-SREBP1 (Dharmacon Cat# L-006891–00) using 
Lipofectamine RNAiMax (ThermoFisher Cat# 13,778–150), 
following the manufacturer’s instructions.

RNA extraction, cDNA synthesis, and quantitative 
PCR

The RNA was purified using the Qiagen RNeasy Mini Kit 
(Qiagen Cat# 74,106) following the manufacturer’s instruc-
tions and performing the on-column DNA digestion. To 
obtain the cDNA, 500 ng of RNA was used for the reverse 
transcription using the SuperScript III First-Strand Synthe-
sis SuperMix for qRT-PCR (Invitrogen Cat# 11,752,050). 
The cDNA was diluted tenfold before qPCR, and then, the 
Power SYBR Green PCR Master Mix (ThermoFisher Cat# 
4,368,702) was used for qPCR analysis. The qPCR was per-
formed in a ThermoFisher Quantstudio 7 Flex using a 386-
well plate (ThermoFisher Cat# 4,309,849) using ΔΔCT for 
gene quantitation in a Standard run. The PCR program was 
2 min 30 s at 95 °C for enzyme activation, 40 cycles of 15 s 
at 95 °C, and 1 min at 60 °C. Melting curve analysis was 
performed to confirm the real-time PCR products. qPCR 
primers for hLMR1 and all other genes are included in Sup-
plementary Table 2, and human RPL13A gene is used for 
normalization.

RNA decay assay in HepG2 cells

The pcDNA3.1 plasmid with the hLMR1 sequence car-
rying rs9653945-A (hLMR1-A) was obtained from (Ruan 
et al. 2021). hLMR1-G was prepared using directed point 
mutagenesis by PCR with the oligonucleotides as listed in 
Supplementary Table 2.

HepG2 cells were transfected with 500 ng of pcDNA3.1 
hLMR1-A or hLMR1-G using GenJet In Vitro DNA Trans-
fection Reagent for HepG2 Cells. 24 h After transfection, the 
cells were washed with PBS pH 7.4 and incubated in DMEM 
supplemented with 10% FBS and 0.5 µg/mL of Actinomycin 
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D (Millipore Cat# A9415-10MG) as indicated, and RNA 
was extracted and used for gene expression analysis.

Luciferase reporter assay

A 120-base pair DNA sequence flanking rs9653945-A or 
-G was synthesized from IDT (Supplementary Table 2) 
and cloned into a destination vector pGL4.23-GW using 
Gateway cloning. HepG2 cells were cultured on a 24-well 
plate and transfected with 300 ng of the rs9653945-A or -G 
reporter, 100 ng of the vector control or an active form of 
SREBP1c, in combination with 25 ng pRL-TK renilla lucif-
erase vectors. The luciferase reporter activity was measured 
using the Dual-Luciferase Reporter Assay System (Promega 
Cat# E1960) following the manufacturer’s instructions.

Genotyping of rs9653945 in HepG2 cells

HepG2 cells genotype was determined using a TaqMan 
probe assay (ThermoFisher Cat# 4,371,353), following the 
manufacturer’s protocol. Briefly, the DNA from the cells 
was purified using the Allprep DNA/RNA/Protein Mini Kit 
(QIAGEN Cat# 80,004). Then, 10 ng of DNA from the cells 
was used for the genotyping reaction using rs9653945 cus-
tom probes (ThermoFisher Cat# 4,331,349). The G-allele 
probe was tagged with the Vic dye label and the A-allele 
probe with the Fam dye label. As a control for the reaction, 
we used 1 ng of pcDNA3.1 plasmid containing the sequence 
of hLMR1-A or hLMR1-G (Supplementary Table 3).

CRISPR‑Cas9 base editing of rs9653945 in HepG2 
cells

The base editing of the target SNP rs9653945 in HepG2 cells 
was performed following the protocol in (Huang et al. 2021). 
Briefly, the sgRNA was cloned into the plasmid pFYF1320 
(Addgene Cat# 47,511) using the USER cloning method 
(NEB Cat# M5505). The insertion of the sgRNA into the 
pFYF1320 plasmid was confirmed using SANGER sequenc-
ing. HepG2 cells were plated in a 24 well-plate and left to 
grow overnight until reaching a confluence of ~ 70%. Then, 
the transfection was performed using the GenJet In Vitro 
DNA Transfection Reagent for HepG2 Cells (SignaGen Cat# 
SL100488-HEPG2), following the manufacturer’s transfec-
tion protocol. 500 ng of target pFYF1320 plasmid and 1ug 
of the base editor plasmid pBT376 (Addgene Cat# 125,617) 
were used for the cell’s transfection using 4.5 µL of GenJet 
reagent. After performing the CRISPR-Cas9 Base Editing 
of rs9653945 in HepG2 cells, the cells were washed twice 
with PBS pH 7.4 and incubated overnight in DMEM without 
glucose supplemented with 2.5 mM of glucose. The next 
morning, cells were washed with PBS pH 7.4 and incubated 
in DMEM without glucose supplemented with 2.5 mM of 

glucose or 25 mM of glucose and 100 nM insulin. After 
24 h of incubation, cells were washed with ice-cold PBS, 
and RNA was extracted and used for gene expression analy-
sis and DNA was extracted for PCR amplification-Sanger 
Sequencing for validating designed base editing.

Chromatin immunoprecipitation (ChIP)

ChIP assays in HepG2 cells were performed using the Sim-
pleChIP Enzymatic Chromatin IP Kit (Cell Signaling Tech-
nology) according to the manufacturer’s protocol. Briefly, 
HepG2 cells were cultured in 24 well plates and transfected 
with CRISPR base editors as indicated following 24 h treat-
ment of 25 mM glucose plus 100 nM insulin. Cells were 
crosslinked using formaldehyde at a final concentration of 
1% for 15 min. After crosslinking, cells from each group 
were pooled and processed following the the manufacturer’s 
protocol.

Each IP was performed using 5 µg chromatin with 5 µg 
antibody as indicated. The antibodies used are Rabbit IgG 
from the kit (Cell Signaling Cat #2729) and SREBP1 anti-
body (Cell Signaling Technology, Cat #95879S). The immu-
noprecipitation (IP) was performed in a total volume of 500 
µL overnight at 4 °C with rotation, and 30 µL of Protein G 
magnetics beads #9006 were added with the same IP condi-
tions. After the incubation, the beads were washed 3 times 
with low salt buffer and 1 time with high salt buffer, and they 
were incubated at 65 °C for 30 min for elution. The elution 
was treated with Proteinase K for 2 h, and the DNA was 
purified using the QIAquick PCR purification kit (Qiagen 
Cat# 28,105) eluting the DNA into 30 µL of Nuclease-free 
water (Cat #AM9932). The DNA in each ChIP were deter-
mined by qPCR analysis using primers as indicated in Sup-
plementary Table 2. Please note, as the region amplified by 
hLMR1 qPCR primers covers rs9653945 DNA region, the 
sample primer set was also used for determining SREBP1 
enrichment at rs9653945 locus. The relative enrichment 
was calculated by normalizing the amount of ChIP DNA 
to input DNA and comparing with the IgG control as fold 
enrichment.

RNA‑seq analysis

The RNA-seq dataset (BioProject No. PRJNA523510) 
(Suppli et  al. 2019) was downloaded from NCBI. This 
dataset contains 57 samples from healthy normal-weight 
(n = 14) and obese (n = 12) individuals, NAFL (n = 15), 
and NASH (n = 16) patients. The Fastq files of the data-
set were downloaded and prepared using the SRA Toolkit 
(version 2.11.1) [https://​www.​ncbi.​nlm.​nih.​gov/​books/​
NBK56​9238/]. Briefly, the prefetch command was used 
to download the SRA files of the dataset and convert them 
into FASTQ format using the fasterq-dump command. The 

https://www.ncbi.nlm.nih.gov/books/NBK569238/
https://www.ncbi.nlm.nih.gov/books/NBK569238/
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quality of the Fastq files was evaluated using FastQC (ver-
sion 0.11.8) [http://​www.​bioin​forma​tics.​babra​ham.​ac.​uk/​
proje​cts/​fastqc/], and adapters and low-quality reads were 
trimmed or removed using Trimmomatic (version 0.39) 
(Bolger et al. 2014). The filtered reads were then mapped 
to the GRCh38 Ensembl human genome using STAR (ver-
sion 2.7.8a) (Dobin et al. 2013). Genotypes near rs9653945 
were determined using the mpileup and call commands 
from BCFtools (version 1.9) (Li 2011). Gene-level counts 
were generated using featureCounts from Subread (version 
2.0.0) (Liao et al. 2013) by using uniquely mapped reads 
in the union exon region of the human genome (Ensembl 
human annotation, GRCh38 release 106). The raw count 
data was normalized using DESeq2 (version 1.36.0) (Love 
et al. 2014), and normalized counts of genes were extracted 
using the plotCounts function from DESeq2 for drawing the 
normalized count–genotype plots.

For plotting hLMR1 expression after low-carb diet 
intervention in obese patients, NCBI dataset GSE107650 
(Mardinoglu et al. 2018) was reanalyzed by modifying the 
GEO2R script to retrieve normalized counts for hLMR1 
(ENSG00000243818).

Oligonucleotides and plasmids

All oligonucleotides and gene sequences used for cloning 
were ordered from IDT and are listed in Supplementary 
Table 2. All the plasmids used for this work and their source 
are listed in Supplementary Table 3.

Statistical analysis

One-way ANOVA statistical analysis and Tukey HSD test 
was performed for Fig. 1A, B, Fig. 2E, 3C and D, 4A and 
Supplementary Fig. 1B. Fisher's exact test was performed 
for the counts of genotype x phenotype contingency table in 
Fig. 4B. The Paired Samples t Test was performed for Sup-
plementary Fig. 1A.

Supplementary information  The online version contains sup-
plementary material available at (https://​doi.​org/​10.​1007/​
s00439-​024-​02654-5).
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