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SUMMARY
Liver-expressed antimicrobial peptide 2 (LEAP2) is an endogenous antagonist and inverse agonist of the
ghrelin receptor, countering ghrelin’s effects on cell signaling and feeding. However, despite an emerging
interest in LEAP2’s physiology and pharmacology, its endocrine regulation remains unclear. Here, we report
that plasma LEAP2 levels decrease significantly upon glucagon infusions during somatostatin clamps in
humans. This effect is preserved in patients with obesity and type 2 diabetes while diminished following a
hypercaloric diet and a sedentary lifestyle for 2 weeks. Additionally, insulin receptor antagonism offsets
the upregulation of LEAP2 during the postprandial state in mice. Finally, insulin and glucagon receptor-ex-
pressing hepatocytes are the primary source of hepatic LEAP2 expression, coinciding with a putative
enhancer-like signature bound by insulin- and glucagon-regulated transcription factors at the LEAP2 locus.
Collectively, our findings implicate insulin and glucagon in regulating LEAP2 and warrant further investiga-
tions into the exact mechanisms orchestrating this endocrine axis.
INTRODUCTION

Ghrelin, an orexigenic peptide hormone requiring acylation

by ghrelin-O-acyltransferase,1 is primarily secreted from the

stomach and acts as a starvation signal driving energy-seeking

behavior and energy storage.1,2 During periods of energy deficit,

circulating ghrelin levels rise to prevent hypoglycemia.3–5 In

addition to inducing growth hormone (GH) secretion from the

pituitary gland,6 ghrelin promotes hunger by activating isoform

1a of the GH secretagogue receptor (GHS-R1a) on neuropeptide

Y/Agouti-related protein (NPY/AgRP) neurons in the arcuate nu-
Cell Reports Medicine 6, 101996, Ma
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cleus of the hypothalamus.7,8 Furthermore, ghrelin inhibits insu-

lin secretion from pancreatic b cells and stimulates glucagon

secretion from pancreatic a-cells and—effects that may be

mediated indirectly through the stimulation of somatostatin

secretion from pancreatic d-cells or hypothalamic neurons

(glucagon only) expressing GHS-R1a.9

Liver-expressedantimicrobial peptide 2 (LEAP2) hasbeenchar-

acterized as an endogenous peptide antagonist of the GHS-R1a

by both acting as an inverse agonist against constitutive GHS-

R1a activity and as a competitive antagonist of acyl ghrelin.10–17

LEAP2 is reported to be mainly expressed in the liver and in the
rch 18, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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small intestineofbothmiceandhumans,10andLEAP2 infusionhas

been reported to reduce postprandial blood glucose excursions

and food intake in both healthy individuals and individuals with

obesity.18,19Consequently, LEAP2may have therapeutic potential

in obesity through the augmentation of the LEAP2/ghrelin balance

and consequent reduction of GHS-R1a signaling. Gaining a more

comprehensive understanding of LEAP2 biology, including delin-

eationof thediverse regulatorymechanismscontrolling circulating

LEAP2 levels, has the potential to establish a strong foundation for

the development of future LEAP2-based therapeutics.

Circulating LEAP2 is regulated by metabolic status where

levels increase with a positive energy balance, in a direction

opposite to that of ghrelin.15 In humans, plasma LEAP2 levels

have been shown to increase with body mass index,15,20,21

blood glucose, and meal intake,15,22 while decreasing with

fasting, Roux-en-Y gastric bypass, and in the postprandial

state of people who have undergone vertical sleeve gastrec-

tomy.15 In addition, plasma LEAP2 levels are positively asso-

ciated with numerous metabolic parameters of obesity,

including body fat percentage, waist-to-hip ratio, blood tri-

glycerides, visceral adipose tissue volume, liver lipid content,

fasting insulin, and homeostatic model assessment for

insulin resistance.15,20,23,24 Finally, LEAP2 has been associ-

ated with other obesity-related metabolic diseases, including

metabolic-associated fatty liver disease (MAFLD).23–25

The fact that circulating LEAP2 levels increase after a meal in

humans supports the notion that LEAP2 is upregulated by

increased energy availability.15,22 Our recent findings show that

this response depends on the dietary challenge of interest and

that the LEAP2 upregulation is associated with increased levels

of liver glycogen and jejunal lipids.26 Nevertheless, the underly-

ing molecular mechanisms behind the metabolic and endocrine

regulation of LEAP2 remain to be realized.

Uponsecretion from thepancreatica- andbcells, the catabolic

and anabolic hormones, glucagon, and insulin, respectively, are

crucial regulators of energy balance and usually exert counterre-

gulatory effects on substrate metabolism in the fed and fasted

states. Here, we hypothesized that glucagon and insulin might

play key roles in regulating LEAP2. We demonstrate that LEAP2

levels in the circulation decrease significantly during pancreatic

somatostatin clampswith supraphysiological glucagon infusions

in humans. Additionally, the postprandial upregulation of LEAP2

is diminished by insulin receptor antagonism in mice. Further-

more, single-cell RNA sequencing (scRNA-seq) and single-nu-

cleus RNA sequencing (snRNA-seq) analyses of our constructed

human liver atlas reveal that hepatocytes are themain cell type of

hepatic LEAP2 expressionwith high co-expression ofGCGR and

INSR. This co-expression aligns with a putative enhancer-like

signature at the LEAP2 locus in the liver, bound by insulin and

glucagon-regulated transcription factors.Collectively, our results

suggest that both glucagon and insulin regulate LEAP2.

RESULTS

Circulating LEAP2 levels decrease upon
supraphysiological glucagon infusions in humans
To investigate the effect of glucagon and a hypercaloric diet on

LEAP2 regulation, 20 healthy individuals were recruited for a
2 Cell Reports Medicine 6, 101996, March 18, 2025
dietary hypercaloric intervention study. The individuals were

exposed to pancreatic somatostatin clamps with glucagon infu-

sions emulating fasting (0.6 ng 3 kg�1 3 min�1) and supraphy-

siological (4.0 ng 3 kg�1 3 min�1) levels on three occasions:

prior to and immediately after the 2-week hypercaloric dietary

intervention and after an 8-week recovery period (day A, B,

and C, respectively) (Figure 1A). The individuals reached supra-

physiological glucagon concentrations during the infusion period

(Figure 1B), while the pancreatic somatostatin clamp effica-

ciously maintained low C-peptide levels (Figure 1C). The dietary

intervention did not change plasma LEAP2 levels prior to the

clamp (Figure 1D). However, at all three experimental days,

plasma LEAP2 levels decreased significantly upon high plasma

glucagon concentrations (Figures 1D and 1E). Interestingly, the

extent by which LEAP2 levels decreased in response to high

glucagon infusions depended on the experimental day. The

decrease in LEAP2 levels upon 1 and 2 h of supraphysiological

glucagon was significantly impaired by the dietary intervention

compared to baseline measurements (Figures 1D and 1E),

whereas sensitivity was restored after recovery from the hyper-

caloric dietary intervention (Figures 1D and 1E). Individuals expe-

riencing the greatest relative glucagon increases during the

clamp also tended to be the ones with the highest decrease in

plasma LEAP2 levels (Figure S1). Plasma LEAP2 levels prior to

the initiation of the clamp tended to correlate positively with

plasma insulin, but not C-peptide, glucagon, BMI, or glucose

(Figure S2). To contextualize these findings, we utilized data

from an experimental animal study (GEO: accession number

GSE110673), where lean mice fed a normal chow diet with im-

planted micro-osmotic pumps were infused with glucagon for

7 days. Following treatment with glucagon in this experiment,

mice tended to decrease their hepatic Leap2 mRNA levels

compared to nontreated controls, although this did not reach

statistical significance (Figure S3A). Treatment with a long-acting

glucagon analog did not affect Leap2 expression in diet-induced

obese (DIO) mice (Figure S3B).

To determine whether the effect on LEAP2 observed during

the glucagon infusions in healthy individuals (Figures 1A–1E)

was replicated in patients with obesity and/or type 2 diabetes,

we analyzed circulating LEAP2 levels from these patient groups

during infusions with supraphysiological glucagon (Figures 1F

and 1G). Importantly, patients with obesity (Figure 1H) and

type 2 diabetes (Figure 1I) also presented with decreased

plasma LEAP2 levels following 1 h of supraphysiological

glucagon infusions (Figures 1H and 1I, time point 60 min), which

tended to recover after the infusion period (Figures 1H and 1I,

time point 120 min). These data suggest that LEAP2 levels in

the circulation are affected by glucagon infusions in humans

and that the effect is maintained in patients with obesity and/or

type 2 diabetes, while diminished by a hypercaloric diet.

Insulin receptor antagonism offsets postprandial
upregulation of hepatic Leap2 mRNA expression and
plasma LEAP2 levels in mice
To assess the regulation of LEAP2 by insulin, mice were admin-

istered a mixed meal by oral gavage in the presence or absence

of a subcutaneously (s.c.) dosed, selective insulin receptor

antagonist, S961 (Figure 2A). Prior to the meal challenge, mice



Figure 1. Plasma LEAP2 levels decrease during supraphysiological glucagon infusions in pancreatic somatostatin clamps in healthy in-

dividuals and in patients with obesity and type 2 diabetes

(A) Schematic of the experimental design. Twenty healthy individuals were recruited for the 2-week hypercaloric dietary intervention. At three identical experi-

mental days (day A: baseline [gray], day B: after a 2-week hypercaloric diet [light blue], day C: after an 8-week recovery [green]), and following a 10-h overnight

fast, the participants were subjected to a pancreatic somatostatin clamp.

(B and C) Plasma glucagon (B) or C-peptide (C) levels before the somatostatin clamp with basal insulin and glucagon infusions (�15 min), before infusions with

supraphysiological glucagon (60 min), and after 1 (120 min) and 2 h (180 min) of supraphysiological glucagon infusions. The initiation of the clamp is indicated on

the x axis.

(D and E) Plasma LEAP2 levels from each experimental day during the pancreatic somatostatin clamps with high glucagon infusions.

(F) Schematic of the experimental design. Individuals with BMI below 27 (white), above 33 (turquoise), normoglycemia (light gray), or type 2 diabetes (dark blue)

were subjected to 1 h glucagon infusions.

(G) Relative changes in plasma glucagon levels (from time point 0 min) before glucagon infusions (�15min), after 1 h of supraphysiological glucagon (60min), and

after 1 h of recovery (120 min).

(H and I) Relative changes in plasma LEAP2 levels (from time point �15 min) after 1 h of supraphysiological glucagon infusions and after 1 h of recovery.

Data are presented as mean +/- SEM. Statistics in (D) by repeated measures two-way ANOVA, multiple comparisons corrected for multiple testing using Tukey

method. Statistics in (E) by repeated measures one-way ANOVA, Dunnett’s multiple comparisons tests. Statistics in (H) and (I) by repeated measures two-way

ANOVA. p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001, ****.
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Figure 2. Insulin is required for the meal-induced upregulation of hepatic Leap2 mRNA expression and plasma LEAP2 levels in lean mice

(A) Schematic of the experimental in vivo study for examining the role of insulin in the LEAP2 response after administration of a mixed meal. The three different

groups ofmicewere those that received an s.c. vehicle dosage 2 h prior to an oral water challenge (gray), those that received an s.c. vehicle dosage prior to an oral

mixed meal challenge (orange), and those that received an s.c. insulin receptor antagonist (S961) prior to a mixed meal challenge (yellow).

(B and C) Blood glucose profiles (B) and plasma insulin levels (C) during the intervention.

(D and E) Plasma LEAP2 levels 1 (D) and 2 h (E) post oral gavage.

(F) Liver (left), jejunal (middle), and duodenal (right) Leap2 mRNA levels in response to the intervention.

(legend continued on next page)
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pre-dosed with S961 had significantly increased blood glucose

and plasma insulin levels compared to mice that received an iso-

volumic vehicle injection (Figures 2B and 2C), confirming the in-

sulin receptor antagonistic effect. In the groups receiving s.c.

vehicle, oral mixed meal vs. water dosing also significantly

increased blood glucose and plasma insulin levels (Figures 2B

and 2C), emphasizing that the experimental paradigm is suitable

for studying postprandial hormonal regulation of LEAP2.We next

asked if the circulating LEAP2 levels were affected by dosing of

the insulin receptor antagonist. Mice that were pre-dosed with

S961 prior to a mixed meal had significantly lower plasma

LEAP2 levels 60 and 120 min post mixed-meal dosing than

mice dosed with vehicle and a mixed meal (Figures 2D and

2E). Mixed meal vs. water dosing increased hepatic Leap2

mRNA expression, whereas this postprandial effect on hepatic

Leap2 mRNA expression was completely abolished by pre-

dosing the mice with the insulin receptor antagonist (Figure 2F).

In the small intestine, however, we observed only a tendency to-

ward increased jejunal Leap2 mRNA expression in mice in

response to a mixed meal, an effect that was even further atten-

uated in the duodenum of these mice (Figure 2F). Surprisingly,

however, exogenous intraperitoneal insulin injections, causing

pronounced hypoglycemia, were insufficient to increase plasma

LEAP2 levels in both chow-fed lean mice and DIO mice fed a

high-fat high-sucrose diet (Figure S4).

Aiming at further characterizing the in vivo intervention to

contextualize the findings that postprandial, hepatic Leap2 up-

regulation was completely blunted by insulin receptor antago-

nism, we chose to profile the metabolic status of the livers of

these mice. Mice receiving a mixed-meal challenge had signif-

icantly greater hepatic glucose levels (Figure 2G) and accumu-

lated more hepatic glycogen (Figure 2H) than mice receiving

oral water dosing. While there was no significant difference in

hepatic glucose levels between S961 and vehicle-dosed mice

receiving a mixed meal, hepatic glycogen levels were signifi-

cantly decreased in mice dosed with a mixed meal and treated

with S961 vs. vehicle (Figures 2G and 2H). We did not detect

any change in liver fatty acids and triglyceride levels in

response to a mixed meal, when compared to mice that were

injected with vehicle (Figures 2I and 2J). However, mice admin-

istered a mixed meal and treated with S961 vs. vehicle had

significantly decreased fatty acids levels and increased triglyc-

erides in the liver (Figures 2I and 2J). While there was a ten-

dency toward an increase in the liver enzymes alanine transam-

inase (ALAT) and aspartate transaminase (ASAT) with the mixed

meal vs. water challenge, the levels of these enzymes were

significantly decreased in mice dosed with a mixed meal

treated with S961 vs. vehicle (Figures 2K and 2L). Finally, we

also sought to control for the effect of insulin receptor antago-

nism specifically at the liver level (i.e., genes regulated by insu-

lin) and found significantly decreased phosphoenolpyruvate

carboxy kinase 1 (Pck1) and insulin receptor (Insr) mRNA

expression in the group of mice that received a mixed meal
(G–L) Hepatic glucose (G), glycogen (H), fatty acid (I), triglyceride (J), ALAT prote

(M and N) Hepatic Pck1 (M) and Insr (N) mRNA levels in response to the interven

Data are presented asmean +/- SEM. Statistics in (B) and (C) bymixed-effects mo

Dunn’s test. Statistics in (G), (H), (J), and (L) one-way ANOVA and uncorrected F
vs. water and that this effect was reversed by S961 dosing

(Figures 2M and 2N).

Taken together, these data suggest that the action of insulin is

required for the postprandial upregulation of LEAP2, while exog-

enous insulin is insufficient to increase plasma LEAP2 levels.

Casein protein does not affect LEAP2 levels in mice
The role of dietary carbohydrates and fats has previously been

studied in the context of LEAP2 regulation.26 It remains to be

determined if dietary protein affects LEAP2. To study this, we

challenged mice with either oral casein or water and assessed

plasma LEAP2 levels 1 and 2 h post dosing in lean C57BL/6J

mice (Figure 3A). This intervention caused no major changes in

blood glucose or plasma insulin levels (Figures 3B and 3C). We

detected no significant changes in plasma LEAP2 levels, but

observed a trend toward increased levels in mice receiving

casein compared to those receiving water at 1 h post dosing

(Figures 3D and 3E). No significant changes in Leap2 mRNA

levels between the two groups were observed in the liver (Fig-

ure 3F) or jejunum (Figure 3G). Casein gavage did not change

liver metabolic parameters, including glucose (Figure 3H),

glycogen (Figure 3I), fatty acids (Figure 3J), triglycerides (Fig-

ure 3K), ALAT (Figure S5A), or ASAT levels (Figure S5B). Taken

together, these results indicate that the protein component of a

mixed meal, casein, does not affect plasma LEAP2 levels or he-

patic and small intestine Leap2 gene expression.

Insulin and glucagon-regulated transcription factors
bind a putative proximal enhancer-like structure at the
transcriptional start site of LEAP2 in a liver-filtered
ChIP-Atlas
To gain further insights into how insulin and glucagon might

regulate LEAP2, we pursued potential genomic evidence to

support or challenge our studies in humans andmice. When hu-

man LEAP2 expression was examined by bulk tissue RNA

sequencing (RNA-seq) in the Genotype-Tissue Expression

(Gtex) portal, the liver was the main organ expressing LEAP2,

while certain brain regions, such as the cerebellum, and the

small intestine also presented with high LEAP2 mRNA expres-

sion (Figure S6). We thus examined available liver-specific

data from the chromatin immunoprecipitation (ChIP)-Atlas to

better understand the genomic architecture at the LEAP2 locus.

Around the LEAP2 transcriptional start site, chromatin ap-

peared accessible for transposons and sensitive to DNase

treatment, as visualized by assay for transposase-accessible

chromatin using sequencing (ATAC-seq) and DNase

sequencing (DNase-seq) tracks, respectively (Figure 4A). DNA

at these open chromatin regions was marked as hypomethy-

lated regions by bisulfite sequencing (bisulfite-seq) (Figure 4A).

H3K27ac and H3K4me1/2/3 histone marks, indicative of

enhancer and promoter regions, overlapped the regions with

supposedly open chromatin around the LEAP2 gene, while

the DNA at this region did not appear to be characterized by
in (K), and ASAT protein (L) levels in response to the intervention.

tion.

dels. Statistics in (D), (E), (F), (K), (M), and (N) by Kruskal-Wallis and uncorrected

isher’s LSD test. p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001, ****.
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Figure 3. The protein component of the mixed meal, casein, does not regulate LEAP2

(A) Schematic illustration. To examine the potential role of casein on LEAP2 regulation, mice were fasted for 16 h prior to a casein or water challenge by oral

gavage.

(B andC) Blood glucose profiles (B) and plasma insulin levels (C) frommice orally dosedwith isovolumic water (gray) or 16%kcal/kg casein (red) (matching protein

constituent by kcal% from the mixed-meal dosing in Figure 2).

(D–G) Plasma LEAP2 levels 1 (D) and 2 h (E) post oral gavage, and Leap2 mRNA levels of liver (F) and jejunum (G) from the mice.

(H–K) Hepatic glucose (H), glycogen (I), fatty acids (J), and triglyceride (K) levels from the mice.

Data are presnted as mean +/- SEM. Statistics in (D) by unpaired t test.
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H3K9me1 repressor marks (Figure 4A). Importantly, the

ENCODE Candidate cis-regulatory elements (cCREs) track

from the UCSC Genome Browser supported these findings by

marking these same regions upstream and at the LEAP2 tran-

scriptional start site as proximal enhancer-like signatures (Fig-

ure 4A, orange). The cCREs track annotated other regions

downstream of the LEAP2 gene within the last exon of the

ATF4 gene as distal enhancer-like signatures (Figure 4A, yel-

low). Interestingly, filtering data for hepatocytes specifically re-

vealed a similar DNase and ATAC-seq pattern with similar his-

tone marks just proximal to the transcriptional start site of

LEAP2 (Figure S7). At these enhancer-like structures, we used

all the publicly available liver-specific ChIP data in the ChIP-
6 Cell Reports Medicine 6, 101996, March 18, 2025
Atlas to ask which regulatory proteins bind to this putative

LEAP2 enhancer. Indeed, most regulatory proteins around

this genomic locus bind at this specific region, as visualized

by the transcription factor binding density track (Figure 4A).

Most importantly, when filtering for liver ChIP sequencing

(ChIP-seq) data, multiple insulin and glucagon-regulated tran-

scription factors, such as specificity protein 1 (SP1), Forkhead

box protein O1 (FOXO1), and some from the Forkhead box pro-

tein A (FOXAs) and hepatocyte nuclear factor (HNFs) families,

bind the proximal enhancer-like signature just upstream of the

LEAP2 transcription start site (Figure 4B). Although a similar

proximal LEAP2 enhancer-like signature was evident when

examining all data from the digestive tract in the human



Figure 4. Insulin and glucagon-regulated transcription factors bind a putative proximal enhancer-like structure at the transcriptional start

site of LEAP2 revealed by hepatic data from the human ChIP-Atlas

(A) Integrative Genomics Viewer (IGV) from Hg38 at position chr5; 132,868,190-132,884,003 with summarized dense tracks of Refseq genes and liver-filtered

ChIP-Atlas data of bisulfite-seq (pink indicates hypomethylated region, black indicates hypermethylated region), ATAC-seq, DNase-seq, H3K27ac, H3K4me1,

H3K4me2, H3K4me3, and transcription factor binding. All ChIP-seq data are color-coded based on the amount of data reporting a count at a given site from a

ChIP-seq experiment deposited in the ChIP-Atlas and classified as a liver sample (red indicates high number of counts, green indicates low number of counts).

(legend continued on next page)
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ChIP-Atlas, this genomic locus did not seem to be occupied by

the same insulin and glucagon-regulated transcription factors in

this tissue and in intestine-derived cell types (Figure S8). Of note,

using liver-filtered data in the mm10 mouse assembly of the

ChIP-Atlas, we identified similar chromatin characteristics and

transcription factor binding landscapes as in the human hg38 as-

sembly, although not identical (Figure S9).

Human hepatocytes are the main source of hepatic
LEAP2 expression at the single-cell level
To examine which specific hepatic cell types are themain source

of LEAP2 expression in the liver, we generated a comprehensive

liver cell atlas by integrating six independent studies of human

hepatic snRNA-seq and scRNA-seq data (Figures 5A–5C). He-

patocytes, cholangiocytes, and stellate cells all displayed pro-

nounced LEAP2 expression (Figure 5D), while hepatocytes had

the highest mean LEAP2 expression and largest fraction of cells

expressing LEAP2 across the 8 major liver cell types (Figures 5D

and 5E). Notably, these cell types also represented the groups of

cells that had the highest expression levels of GCGR and INSR

(Figure 5E). In both snRNA-seq studies with greatest hepatocyte

coverage (Figure 5C), LEAP2 mean transcript levels were signif-

icantly increased in hepatocytes from individuals with metabolic

dysfunction-associated steatohepatitis (MASH) compared to

that of hepatocytes from individuals without MASH (Figure 5F).

Together, these data highlight the metabolically active hepato-

cytes as the primary source of hepatic LEAP2 expression.

Insulin treatment decreases Leap2 mRNA expression in
liver cells
The finding that hepatocytes highly express LEAP2mRNA in the

liver prompted us to investigate if the insulin receptor-dependent

upregulation of hepatic Leap2 mRNA expression in response to

nutrients (Figure 2) is caused by the direct action of hepatocyte

insulin signaling. To examine this, we stimulated overnight-

fasted primary mouse hepatocytes with insulin, glucose, or

S961 alone or in combination and measured Leap2 mRNA con-

tent. To ensure that our batches of primary hepatocytes re-

sponded to insulin treatment, we measured Pck1mRNA expres-

sion upon insulin treatment as well as the phosphorylation state

of Akt 1/2/3 upon titration with insulin or S961 with fixed insulin

concentration (Figures 6A and 6B). Surprisingly, direct simulation

with insulin alone or in combination with glucose significantly

decreased Leap2 mRNA expression compared to a control

treatment (Figure 6B). To assess whether the downregulation

of Leap2 could be mediated by a negative feedback loop from

insulin-induced Leap2 secretion from the hepatocytes, we

measured LEAP2 protein levels in the cell medium. Although

there appeared to be no significant difference under these

same conditions, the concentrations detected by ELISA were

low with high intra-assay variation (results not shown, LEAP2

concentration range: 0.06–0.11 nM).
ENCODE candidate cis-regulatory elements (orange indicates proximal enhance

conservation (the higher the peak at a site, the less likely it is to observe a given s

Browser also indicated (please refer to STAR Methods).

(B) IGV view at the same position and in the same assembly as in (A) with liver-filt

factors.
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To substantiate our results from primary mouse hepatocytes,

we cultured human HepG2-insulin-like growth factor 1 receptor

(IGF1R)-knockout (KO) cells (IGF1R was knocked out to mimic

human hepatocytes) followed by insulin stimulation or no stimu-

lation and performed bulk RNA-seq. The two conditions were

separated by supervised principal component analysis, covering

more than 74% variance in our dataset (Figure 6C), and when

comparing transcriptomes in the absence or presence of insulin

stimulation, 8,438 genes were significantly differentially ex-

pressed (Figure 6D). Of note, also a supervised k-means clus-

tering approach clustered our samples dependent on condition

(Figure 6C). Importantly, HepG2-IGF1R-KO cells had signifi-

cantly decreased LEAP2 mRNA expression (log2FC = �0.7933)

after 3 nM human insulin stimulation (Figure 6E), consistent with

insulin stimulation of mouse hepatocytes. In contrast, glucagon

stimulation of mouse hepatocytes increased Leap2 expression

(Figure S10A). Having established that our in vitro systems of

mouse and human liver cells did not support the idea of insulin

directly upregulating hepatic Leap2 mRNA expression, we next

investigated the role of direct insulin stimulation at the intestinal

level on LEAP2mRNA expression using mouse and human jeju-

nal organoids. We tested the effect of glucose and oleic and lino-

leic acids on LEAP2 expression in mouse and human jejunal or-

ganoids alone or in the presence of insulin and S961. In human

jejunal organoids, glucose and fatty acids alone did not upregu-

late LEAP2, but LEAP2mRNA levels were significantly increased

by the nutrients in combination with insulin. This increase in

LEAP2mRNA levels was abolished in the presence of S961 (Fig-

ure S10B). In mouse jejunal organoids, we observed no signifi-

cantLeap2mRNAupregulationbyglucoseand fatty acids (Figure

S10C).

Together, these in vitro findings add to the complexity of the

interplay of glucagon, insulin, and LEAP2 and suggest that the

effects observed in vivo are unlikely to occur through the direct

stimulation of hepatocytes, although constituting the cell type

in the liver expressing LEAP2 the most.

DISCUSSION

The pharmacological potential of the GHS-R1a antagonist and

inverse agonist, LEAP2, has gained recent attention. However,

its endogenous regulation remains incompletely understood.

Here, we examined how hormones from the endocrine pancreas

regulate LEAP2. We observed that plasma LEAP2 levels

decrease upon supraphysiological glucagon infusions during

pancreatic somatostatin clamps in healthy individuals and that

a 2-week hypercaloric dietary intervention impaired the LEAP2

plasma response to glucagon infusions. A similar pattern was

identified in patients living with obesity and/or type 2 diabetes.

Furthermore, using insulin receptor antagonism, we found that

the action of insulin is necessary to increase postprandial hepat-

ic Leap2 expression and plasma LEAP2 levels associated with a
r-like signatures, yellow indicates distal enhancer-like signatures) and PhyloP

ite under a null hypothesis of neutral evolution) tracks from the UCSC Genome

ered ChIP-Atlas data of indicated insulin and glucagon-regulated transcription



Figure 5. LEAP2 gene expression is enriched to hepatocytes, cholangiocytes, and stellate cells in the human liver

(A) Liver cellular landscape. Uniform manifold approximation and projection (UMAP) embedding of 545,869 cells from 93 samples along 6 cohorts.

(B) Cell type-specific gene expression for the 8 major liver cell types.

(C) Cell density distribution for each of the integrated cohorts.

(D and E) Co-expression of LEAP2, INSR, and GCGR genes.

(F) LEAP2 is upregulated in MASH hepatocytes, Wilcoxon signed-rank tests p < 0.001.
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mixed meal in mice. Collectively, these findings suggest that

glucagon and insulin could exert opposite effects on LEAP2.

Both glucagon and insulin are reported to affect expression

and circulating levels of ghrelin,27 although some studies report

no direct effect of these hormones on ghrelin regulation.28–33

Considering that ghrelin and LEAP2, like glucagon and insulin,

are inversely regulated by energy balance,34 we sought to deter-

mine if LEAP2 was regulated by these hormones. Our findings

suggest that, as with energy storage, insulin and glucagon may

exert counterregulatory effects on LEAP2 regulation by stimu-

lating and inhibiting its expression and/or secretion, respectively.

However, the fact that no correlation was found between fasting

concentrations of LEAP2, insulin, C-peptide, and glucagon

levels in the human subjects could argue against a potential

regulation by these hormones in the fasted state. Moreover, in
the postprandial state, circulating LEAP2 was reported not to

correlate with insulin in healthy individuals and individuals with

obesity upon mixed meal ingestion (730 and 600 kcal,15 respec-

tively), despite postprandial increases in LEAP2. Here, we

extend these correlational findings and study direct effects of

manipulating insulin receptor signaling and glucagon levels to

understand their impact on LEAP2 regulation.

Interestingly, LEAP2 is reported to antagonize the insulino-

static effect of ghrelin in vitro,35 and an N-terminal LEAP2 frag-

ment, LEAP238-47, has insulinotropic properties in human

pancreatic islets.36 LEAP2 has also been reported to increase in-

sulin secretion during fasting in humans. In the same work,

LEAP2 was also found to increase glucagon levels in both the

fasted and postprandial state—an increase speculated to coun-

teract the glucose-lowering effect of LEAP2.18 Thus, the
Cell Reports Medicine 6, 101996, March 18, 2025 9



Figure 6. LEAP2 mRNA levels decrease in mouse primary hepatocytes and HepG2-IGF1R-KO cells upon insulin stimulation in vitro

(A) Representative graph of phosphorylated S473 (pS473) Akt1/2/3 signals after surefire analysis of a mouse primary hepatocyte batch stimulated with a 2-fold

titration of 100 nM human insulin (orange) or a 2-fold titration of 1000 nM S961 and a fixed human insulin concentration of 10 nM (yellow) for 15 min to test for

insulin responsiveness. Data points represent technical replicates.

(B)Pck1 (left) and Leap2 (right) andmRNA levels frommouse primary hepatocytes that were fasted overnight and stimulated for 4 hwith either 3 nMhuman insulin,

20 mM glucose, 30 nM S961, in combination or alone, or with a control solution of starvation medium containing 1% human serum albumin as indicated. Data

from four pooled technical replicates from two independent biological replicates.

(C) Supervised principal component analysis plot of normalized counts frombulk RNA-seq-yielded transcriptomes of HepG2-IGF1R-KO cells incubated in DMEM

with 10% FBS (normal medium, control) with no stimulation (gray) and with 18 h 3 nM insulin stimulation (orange). Overlay of cluster designations from a k-means

clustering with k = 2. Data from normalized counts of three independent experiments with averages from three technical repeats per experiment.

(D) Volcano plot of same samples as in (C) with each gene color-coded according to the adjusted p value < 0.05 (orange) or R0.05 (gray). Black data points

indicate genes that are independently filtered during differential gene expression analysis.

(E) Normalized counts of LEAP2 from same samples as in (C) and (D).

Data in (A), (B), and (E) are presented asmean +/- SEM. Statistics in (B) by ANOVA. Statistics in (E) from differential gene expression analysis (please refer to STAR

Methods). p < 0.0001, ****.
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hormones may affect each other’s regulation, potentially in

response to blood glucose levels or overall energy status

(Figure S11).

Here, we found that blocking the insulin receptor with a selec-

tive receptor antagonist resulted in significantly lower liver

glycogen levels, yet significantly higher liver triglyceride levels,

in mice fed a mixed meal. The fact that glycogen levels, and

not Leap2 expression, increased in mice dosed with S961 and

a mixed meal vs. vehicle and water argues against direct regula-

tion of LEAP2 by local substrate availability. Furthermore, LEAP2

has been reported to increase with augmented hepatic lipid

deposition,23 which is in contrast to our findings. Thus, rather

than local energy availability, our study suggests that LEAP2 re-
10 Cell Reports Medicine 6, 101996, March 18, 2025
sponds to insulin-dependent signaling cascades upstreamof the

effects of insulin on energy availability. For a mixed meal, this

signal is likely mediated by increased availability of carbohy-

drates, which represents the strongest stimulus for insulin secre-

tion, since we show that neither casein (the main protein compo-

nent of the mixed meal) nor dietary lipid26 affects hepatic Leap2

mRNA expression in mice.

Given that the endocrine pancreas discharges its content into

the hepatic portal vein, the liver is the first organ exposed to both

insulin and glucagon, which play an essential role in liver meta-

bolism. As previously discussed, our human and mouse studies

also suggest that these hormones may play a key role in LEAP2

regulation. In the liver, we found human hepatocytes to be the
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major source of hepatic LEAP2 mRNA expression by analyzing

and integrating publicly available scRNA-seq and snRNA-seq

data. In contrast to our in vivo findings, we found that insulin

stimulation caused downregulation of Leap2 mRNA expression

in vitro. This discrepancy could be explained by several factors.

First, it is possible that the insulin-dependent increase in Leap2

mRNA expression associated with a mixed meal in vivo arises

from insulin-dependent actions that reach the liver through a

CNS-liver axis implicating the autonomous nervous system.

Indeed, it has been suggested that insulin partially exerts control

over hepatic glucose production through central mechanisms in

rodents,37–40 although studies in dogs indicate that inhibition of

hepatic glucose production is attributable to insulin’s direct ef-

fect on the liver.41,42 Second, it may be that our in vivo findings

do reflect a direct insulin-dependent effect on the liver to upregu-

late Leap2mRNA levels in response to amixedmeal, but that this

effect is the result of a complex regulation requiring additional

circulating factors or additional cell types in the liver, which are

absent in the in vitro culturing of hepatocytes and HepG2-

IGF1R-KO cells. Third, the effect of insulin on Leap2 mRNA up-

regulation may be influenced by timing and dosing, which can

vary depending on the system and are not easily replicated in

in vitro models. All of these factors might be crucial for insulin-

mediated upregulation of LEAP2 in response to a mixed meal

in vivo. However, their absence and interactions are not ac-

counted for in vitro, which limits our understanding of how insulin

regulates LEAP2.

Despite being the organ with the highest expression of Leap2

mRNA, LEAP2 protein levels were undetectable by ELISA in both

homogenized mouse livers and cell lysates of mouse hepato-

cyte, while LEAP2 protein levels could be detected in the small

intestine of mice.26 This could suggest that LEAP2 is secreted

more rapidly from liver cells compared to LEAP2 secretion in in-

testinal cells. It is thus possible that this rapid secretion of LEAP2

exhibits paracrine actions on liver cells influencing Leap2mRNA

expression through receptor-mediated pathways, thereby ex-

plaining the downregulation of LEAP2 in hepatocytes upon insu-

lin stimulation. However, the fact that LEAP2 levels in the cell

medium did not differ across the groups could argue against

such a potential negative feedback loop, although the low levels

(0.06–0.11 nM) detectedmake it difficult to conclude on thismat-

ter. Furthermore, because ghrelin has been shown to inhibit

liver LEAP2 expression through a GHS-R1a-AMPK-dependent

pathway in hepatocytes,17 it also seems unlikely that LEAP2

could participate in a negative feedback loop through GHS-

R1a, currently the only putatively identified LEAP2 receptor in

the liver.

Here, we failed to detect an increase in small intestine Leap2

expression in response to a mixed meal in mice. This is in

contrast to previous findings by Gradel et al.26 and might be ex-

plained by the higher blood glucose levels achieved uponmixed-

meal dosing compared to our study. No significant upregulation

was observed in mouse jejunal organoids, but human organoids

showed elevated LEAP2 expression when stimulated both by

nutrients and insulin. This species-specific difference calls for

further research into the intestinal regulation of LEAP2 associ-

ated with the luminal presence of nutrients. In continuation, in

this study, we provide bioinformatic evidence that both tissues
and cells from the digestive tract and liver-derived cells contain

a putative LEAP2 enhancer just upstream to the LEAP2 tran-

scriptional start site. As we characterized this genomic locus,

we identified insulin and glucagon-regulated transcription fac-

tors that bound differentially to the LEAP2 proximal enhancer-

like signature depending on tissue. The fact that many of these

bind to the liver LEAP2 genomic locus, but not to the putative

LEAP2 enhancer in digestive tract tissues and cells, suggest

that LEAP2 expression is regulated rather differently by insulin

and glucagon in these tissues, which fit our observations of post-

prandial insulin-dependent Leap2 upregulation in the liver but

not in the intestines of mice. However, the molecular mecha-

nisms regulating LEAP2 gene expression and secretion from

the liver remain elusive. Further work, including the examination

of liver-specific LEAP2 KO mice and measurements of hepatic

arteriovenous LEAP2 differences, should address these missing

links. In addition, it should be noted that the ChIP-Atlas currently

does not contain much jejunal and duodenal-specific data.

Therefore, the analysis of the putative LEAP2 enhancer-like

signature from digestive tract is mostly based on colonic cancer

samples and primary gastric samples.

To better understand the relationship between glucagon, insu-

lin, ghrelin, and LEAP2, it is helpful to review the current evidence

linking GHS-R1a signaling and LEAP2 to the pathophysiology of

obesity and other metabolic diseases. Fasting plasma LEAP2

levels have been reported to positively correlate/associate with

fasting plasma glucose and HbA1c levels, fasting serum insulin

levels, and insulin resistance when assessed in individuals with

prediabetes and obesity,20 in people spanning several BMI cat-

egories,15 and finally, in healthy individuals vs. people with type 2

diabetes43 (for HbA1c only). Our studies suggest that neither

blood glucose levels nor hepatic glucose availability affects

LEAP2 regulation (an increase in these parameters did not affect

LEAP2 regulation in mice, while an increase in blood glucose

with high glucagon infusion44 was associated with decreased

plasma LEAP2). Accordingly, it could be speculated that the

high insulin levels as opposed to high glucose levels are driving

the increased circulating levels of LEAP2. In this case, the upre-

gulation may occur through pathways that are less sensitive to

the attenuated insulin signaling associated with insulin resis-

tance (lipogenic vs. glucoregulatory pathways).45

LEAP2 levels are also reported to correlate with hepatic lipid

content and to be increased in individuals and animal models

with hepatic steatosis.20,23 Analyzing two snRNA-seq datasets

with best hepatocyte coverage from our integrated liver cell

atlas, we found that LEAP2 expression in hepatocytes from indi-

viduals with liver cirrhosis occurring with the progression of

MAFLD and MASH is significantly higher than hepatocytes

from individuals with no such medical record. This finding

suggests an effect of hepatic lipid accumulation on LEAP2

regulation.

Although hyperglucagonemia is observed in individuals

with obesity and type 2 diabetes,46,47 likely due to the associated

increase in levels of hepatic lipids in many of these individuals,48

no correlation has been reported between LEAP2 and glucagon

levels in individuals with prediabetes and overweight/obesity.20

Furthermore, our findings suggest that hepatic glucagon

resistance, occurring after 2 weeks of hypercaloric dietary
Cell Reports Medicine 6, 101996, March 18, 2025 11
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intervention,44 is not associated with a change in basal plasma

LEAP2 levels. Thus, while our studies suggest that insulin and

glucagon exert opposite actions on LEAP2 regulation, it remains

to be described how elevated concentrations of these hormones

and the associated tissue resistance affect LEAP2 regulation in

individuals living with metabolic disease.

In conclusion, while plasma LEAP2 levels decrease during in-

fusions with glucagon in humans, the action of insulin is required

for Leap2 upregulation associated with the consumption of a

mixed meal in mice. Investigation of the human liver-filtered

ChIP-Atlas revealed that insulin and glucagon-regulated tran-

scription factors bind to a LEAP2 proximal enhancer-like signa-

ture, supporting a role for these hormones in regulating LEAP2

gene expression. Our integrated analysis of hepatic scRNA-

seq and snRNA-seq data indicates that human hepatocytes

are the primary contributors to hepatic LEAP2 expression. How-

ever, in vitro hepatocyte experiments failed to confirm the

the regulation of LEAP2 by insulin and glucagon observed in

mice and humans. Therefore, glucagon and insulin-dependent

LEAP2 regulation appears to require inter-organ crosstalk, other

cell types, and/or additional circulating factors. Thus, a complex

interdependency of LEAP2, glucagon, and insulin actions might

exist, influenced by temporal relationships andmetabolic states.

This underscores the need for further research in the endocrine

and physiological regulation of LEAP2.
Limitations of the study
A limitation of the current study is the translation of the in vivo and

in vitro experiments to a human setting. While our human exper-

iments support that an endocrine interplay between glucagon

and LEAP2 exists, it remains to be established whether our find-

ings, suggesting that the action of insulin is needed for postpran-

dial LEAP2 upregulation in mice, translate to humans. Finally, a

validation of the role of insulin signaling in regulating postprandial

LEAP2 levels in human volunteers is crucial to decipher if our

findings are replicated in humans.
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Chemicals, peptides, and recombinant proteins

S961 Novo Nordisk NNC0069-0961

Insulin Novo Nordisk NNC0121-0308

Insulin Novo Nordisk Actrapid

Casein Sigma Aldrich Cas. no. 9000-71-9

Complete IntestiCultTM Organoid

Growth Medium (Mouse)

Stemcell Technologies Cat. No. #06005

Mouse RSPO Biotechne Cat. No. #3474-RS

Mouse Noggin Biotechne Cat. No. #6997-NG

Mouse EGF Biotechne Cat. No. #2028-EG

Dexamethasone Sigma Aldrich Cat. No. #D1159

Critical commercial assays

LEAP2 ELISA kit Phoenix Pharmaceuticals Inc Cat. No. EK-075-40

AlphaScreen, SureFire, Akt 1/2/3

p-S473 Assay Kit

PerkinElmer Cat. No. TGRA4S10k

RNeasy Mini Kit Qiagen Cat. No. 74104

iScriptTM cNDA Synthesis Kit Bio-rad Laboratories Cat. No. M87EWZESH

NEBNext� UltraTM II Directional

RNA Library Prep Kit for Illumina�
New England BioLabs NEB #E7765

Deposited data

Bulk RNA sequencing NCBI Gene Expression Omnibus GSE287171 https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE287171

Single cell RNA sequencing NCBI Gene Expression Omnibus GSE136103 https://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc=GSE136103

Single cell RNA sequencing NCBI Gene Expression Omnibus GSE185477 https://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc=GSE185477

Single nucleus RNA sequencing NCBI Gene Expression Omnibus GSE189175 https://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc=GSE189175

Single nucleus RNA sequencing NCBI Gene Expression Omnibus GSE189600 https://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc=GSE189600

Single nucleus RNA sequencing NCBI Gene Expression Omnibus GSE192740 https://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc=GSE192740

Single nucleus RNA sequencing NCBI Gene Expression Omnibus GSE212837 https://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc=GSE212837

Bulk RNA sequencing NCBI Gene Expression Omnibus GSE110673 https://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc=GSE110673

Human reference genome NCBI

build 37, GRCh37

Genome Reference Consortium http://www.ncbi.nlm.nih.gov/projects/

genome/assembly/grc/human/

Human reference genome NCBI

build 38, GRCh38/hg38

Genome Reference Consortium http://www.ncbi.nlm.nih.gov/projects/

genome/assembly/grc/human/

NIH Genotype-Tissue Expression

(GTEx) project

GTEx LDACC at The Broad

Institute of MIT and Harvard

Release V8 dbGaP Accession

phs000424.v8.p2

ChIP-Atlas NIG Supercomputer system

and JST NBDC JPMJND2202

https://chip-atlas.org/

Experimental models: Cell lines

Primary hepatocytes Gibco #MSCP10 LOT#MC959

Mouse jejunal organoids C57BL/6J mouse Derived from C57BL/6J mouse jejunum

HepG2-IGFR-KO cells Novo Nordisk NA
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Experimental models: Organisms/strains

Mouse: C57BL/6J Charles River Strain Code: 027

Oligonucleotides

Primers for RT-qPCR, see Tables S1 and S2 TaqMan from ThermoFischer

and this paper

See Tables S1 and S2

Software and algorithms

R statistical software R Core Team https://www.R-project.org/

GraphPad Prism 10 GraphPad https://www.graphpad.com/

Microsoft Excel Microsoft Corporation https://www.microsoft.com/en-us/

microsoft-365/excel

Integrative Genomics Viewer UC San Diego and the Broad Institute https://igv.org/

Quantstudio 12K flex Thermo Fisher NA

Salmon Patro et al.49 https://combine-lab.github.io/salmon/

DEseq2 Love et al.50 https://bioconductor.org/packages/

devel/bioc/vignettes/DESeq2/inst/

doc/DESeq2.html

BBKNN Polánski et al.58 https://github.com/Teichlab/bbknn

Scanpy Wolf et al.59 v1.9.3
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human participants
Human plasma samples were obtained from 20 healthy individuals undergoing pancreatic somatostatin clamps or from 32 individuals

with orwithout type 2 diabetes and/or diabetes receiving glucagon infusions. In both cases, the studieswere approvedby the Scientific-

Ethical Committee of the Capital Region of Denmark (registration no. H-20036246 and H-1-2014-066) and registered as clinical trials

(ID:NCT04859322and ID:NCT02475421). Thestudieswereperformed inaccordancewith theprinciplesof the7thRevisionof theDecla-

rationofHelsinki. Informedconsentwasobtained fromall participants. For the studyof healthy volunteers, participantswerebetween20

and65 years of age and all had a normal dietary pattern in accordancewith theNordicNutritionRecommendations. All participantswere

males, limiting any gender-specific analyses. Whether the results obtained pertain to females should be addressed in future investiga-

tions. The absence of an analysis of the influence of gender limits the study’s generalization. For the study of individuals with or without

type 2 diabetes and/or diabetes, the type 2 diabetes group contained 8 lean individuals (5 males and 3 females) and 8 individuals with

obesity (4males and 4 females). In the groupwithout type 2 diabetes, the samegender andBMI proportionswerematched to that of the

type2diabetesgroup. In this study theaverageage inyearswas60.1 for lean individualswith type2diabetesand57.8 for individualswith

obesity and type 2 diabetes. In the group without type 2 diabetes, the average age was 62.1 years for those that were lean and 55.5 for

those thatwereobese. Therewasnosignificant differencebetween theseparameters.Given the rather limited sample size, therewasno

power to observe any gender-specific association of the LEAP2 levels over time from the beginning of the glucagon infusion. This limits

the study’s generalization. The duration of type 2 diabetes in years among individuals with and without obesity were not significant

different. Details pertaining to the experimental setups involving human participants can be found in ‘‘method details’’. For the human

dietary intervention study andpancreatic somatostatin clamp, humanplasmasampleswereobtained from20healthy individuals under-

going pancreatic somatostatin clamps at three experimental days. The primary outcomes of this trial, from which the plasma samples

wereobtained, havebeen reported in accordancewith ICJMEpreviously.44 The studywas approvedby theResearchEthicsCommittee

of the Capital Region of Denmark (reg.no. H-20036246), registered with Clinicaltrials.gov (ID: NCT04859322), and was conducted in

accordance with the latest revision of the Declaration of Helsinki. For detailed characteristics of participants and experimental designs,

we refer to Suppli et al.44 For glucagon infusions in human patients, individuals with type 2 diabetes and/or obesity andmatched healthy

controls were recruited, and the primary outcomes of this trial, from which the plasma samples were obtained, and details on experi-

mental design, screening, and study participants, have been reported in accordance with ICJME previously.51 After screening, individ-

uals underwent a single identical experimental day. At the experimental day, participantswere studiedwhile resting in a bed following an

overnight fast (for details please refer to Grøndahl et al. 202151). Participants had two cannulas inserted into their cubital veins; one for

infusion of glucagon, one for collection of blood.

Animals
Experiments and procedures in animal models were approved by the Danish Animal Experiment Inspectorate (Licence no. 2019-15-

0201-00206 and license no. 2023-15-0201-01442). To investigate the role of insulin in the LEAP2 upregulation associated with
e2 Cell Reports Medicine 6, 101996, March 18, 2025
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consumption of ameal, the effect of insulin receptor antagonism on the LEAP2 response associated with amixedmeal was assessed

in 12-week-old male C57BL/6J mice. The same strain was used for the casein study and for acute insulin treatment in diet-induced

obese mice as well as for the glucagon analogue treatment. For experimental work with mice, only male mice were used. Therefore,

no statement about the influence of sex on the obtained results is available. This limits the study’s generalization.

Cell lines
The only cell line used in this study was HepG2-IGF1R-KO cells and where bulk RNA-seq was performed. Briefly, HepG2-IGF1R-KO

cells were cultured and maintained in DMEM supplemented with 10% FBS. Medium was aspirated and replaced with fresh medium

every 2–3 days. Cells were split 1:4 every 3 days by aspiration of medium, washing once with PBS and trypsinization (0.25% Trypsin-

EDTA solution, #T4049, Sigma).

Primary cell cultures
Primary cell cultures used in this manuscript include mouse primary hepatocytes (Gibco Cryo Mouse Hepatocytes) (#MSCP10

LOT#MC959, Thermo Fischer Scientific, FrederickMD, USA), human intestinal organoids purchased fromHubOrganoid Technology

(HUB, Utrecht, Netherlands, cataloged at huborganoids.nl), and mouse intestinal crypts that were isolated from C57BL/6J mouse

jejunum, as described previously52–55 and were seeded into Matrigel (BD Biosciences), in which they grew into organoids.53,55

METHOD DETAILS

Human studies
Twenty healthy male individuals with normal dietary patterns were recruited and examined on three identical experimental days (Fig-

ure 1A): at baseline (Day A), after a two-week hypercaloric diet intervention (Day B) and after an eight-week recovery period after the

intervention period (Day C). The dietary intervention included an average intake of 4,641 kcal/day for twoweeks and participants were

asked to maintain a sedentary lifestyle. The original dietary intervention protocol is included in Suppli et al.44 The participants were

recruited from February 2021. At the day of the experiments, after a 10 h overnight fast, cannulas were inserted in both cubital veins:

one for blood sampling and one for administering infusions. A stable [6,6-2H2]-glucose isotope was infused at time�120 min (prime:

26.4 mmol3 kg�1; continuous infusion: 0.6 mmol3 kg�13min�1). After 2 h of infusion (when tracer steady-state had been achieved),

the individual underwent 3-h pancreatic clamps with somatostatin (450 mg3 h�1) to inhibit the endocrine pancreas. At the same time

(time 0 min), infusions of insulin (0.1 mU3 kg�1 3min�1) and glucagon (0.6 ng3 kg�1 3min�1) were initiated to maintain basal sys-

temic plasma concentrations of the two hormones in accordance with previous studies.56 At time 60 min, the infusion rate of

glucagon was increased to 4.0 ng 3 kg�1 3 min�1, producing high physiological plasma levels of glucagon.57 To maintain tracer

steady-state, an infusion of isotonic saline was adjusted to result in a constant total infusion rate of 200 mL 3 h�1. For analyses

of plasma LEAP2 levels at timepoints �15, 60, 120, and 180 min, blood was collected in chilled tubes containing EDTA, centrifuged

at 1,200 g and 4�C and stored at �20�C until batch analysis.

For the glucagon infusions in human patients, at time point 0 min, a 60 min period of glucagon infusion was initiated (4 ng/kg/min =

1.15 pmol/kg/min). At the termination of the infusion period (at 60 min), a washout period of another 60 min began. With respect to

glucagon analyses, blood was added to chilled tubes containing EDTA, aprotinin (500 kIU/mL blood, Trasylol; Bayer, Leverkusen,

Germany), and a specific dipeptidylpeptidase 4 inhibitor (valine-pyrrolidine, final concentration 0.01 mmol/L; a gift from Novo Nor-

disk, Bagsværd, Denmark), and its change in pM calculated and reported following plasma isolation. For the analyses of

C-peptide, blood was collected in plain tubes and left to coagulate (20 min at room temperature). All blood samples were centrifuged

for 20 min at 1,200g and 4�C, and plasma was transferred to ice-chilled storage tubes. Plasma samples for glucagon analyses were

stored at �20�C. Blood samples at �15 min, 60 min, and 120 min were analyzed for plasma LEAP2 levels as described below. The

study was approved by the Scientific-Ethical Committee of the Capital Region of Denmark (registration no. H-1-2014-066) and regis-

tered as a clinical trial. The study was performed in accordance with the principles of the 7th Revision of the Declaration of Helsinki.

Mouse studies
All procedures performed inmice in this study have been approved by the Danish Animal Experiment Inspectorate (Licence no. 2019-

15-0201-00206). Male C57BL/6J mice (Charles River, Germany) were single housed in cages enriched with bedding and nestingma-

terial, gnawing stick and shelter (two mice per cage with cage divider). The cages were kept at a constant temperature 22 ± 2�C and

mice were exposed to a normal 12-h light/dark cycle (from 6:00 a.m.). Mice had free access to chow diet (Altromin #1324, Brogaar-

den, Lynge, Denmark) and water at all times unless otherwise specified. All mice were randomly allocated to the study groups by

simple randomisation (Microsoft Excel, Microsoft Corporation, Washington, USA), thereby minimizing the effect of cage and treat-

ment order on study outcome. Oral gavages of meal challenges were performed at 9:00 a.m. Male C57BL/6J mice aged 12 weeks

were included to assess the effect of protein on the regulation of LEAP2. All mice were fasted for 16 h prior to oral gavage of casein

(5% in water, 10mL/kg body weight, Cas. no. 9000-71-9 from Sigma Aldrich, 2860 Soeborg, Denmark) or a dose-matched volume of

water (n = 8 per group). Blood was collected from the sublingual vein (�80 mL) and the tail vein (�5 mL) just prior to oral gavage which

was followed by blood sampling at 30min (tail blood only), 1- and 2-h post dosing. For the insulin receptor antagonism study, all mice

were fasted for 14 h prior to subcutaneous (s.c.) dosing with the insulin receptor antagonist, S961 (NNC0069-0961, 400 nmol/kg,
Cell Reports Medicine 6, 101996, March 18, 2025 e3
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Novo Nordisk, 2760 Måløv, Denmark) (n = 8) or vehicle (10mM sodium phosphate, 140mM sodium chloride, 0.007% polysorbate 20,

pH 7.4) (n = 16). This was followed by oral gavage 2 h later with either 10 mL/kg water (n = 8, mice s.c. dosed with vehicle) or a mixed

meal (n = 16, 240 kcal/100 mL, carbohydrate [49 kcal%], protein [16 kcal%], fat [35 kcal%]; Nutricia Nutridrink, Allerød, Denmark).

Half of themice that receivedmixedmeal had been dosedwith S961 (n = 8) and the other half vehicle (n = 8). Bloodwas collected from

the sublingual vein (�80 mL) and the tail vein (�5 mL) just prior to oral gavage which was followed by blood sampling at 30 min (tail

blood only), 1- and 2-h post dosing. All mice were euthanized by cervical dislocation at the end of the experiments. Tissue biopsies

were collected from the left lateral liver lobe, duodenum, and jejunum (1–4 cm and 10–16 cm distally to the pyloric sphincter, respec-

tively) and immediately frozen in liquid nitrogen. The biopsies were stored at �80�C until analysis. To examine the impact of insulin

administration on adult male DIO mice or lean mice fed chow diet, mice were administered either i.p. insulin (0.75 U/kg, 5 mL/g body

weight) or isovolumic saline (vehicle) (n = 8 in each group). Remnants of food were removed from cages at the time of the injection.

Blood glucose levels were measured using blood from the tail tip and a handheld glucometer (Abbott) at timepoint 0 (just before i.p.

injection of insulin), 30, 60, and 120 min after i.p injection of insulin, whereas plasma LEAP2 levels were measured as described

below. To examine if gene expression levels of Leap2 was affected by a long-acting glucagon treatment, DIO mice were treated

daily with long-acting glucagon (NNC9204-0043, Novo Nordisk A/S, Maaloev) (30 nmol/kg, 5 mL/g body weight) or a vehicle solution

(5 mL/g body weight) for 14 days. At the end of the experiment, liver tissue was harvested, and RT-qPCRwas performed as described

below. An overview of these study designs is provided in Figures 2A, 3A, and S4.

Blood samples

Sublingual blood samples were collected in EDTA tubes with aprotinin (2.5 mL Trasylol, Nordic Group B.V., Hoofddorp, Netherlands)

and centrifuged at 6000 g, 4�C for 5 min. Plasma was isolated from the EDTA tubes and stored at �80�C until plasma analyses of

LEAP2, insulin and glucagon levels. In order to determine blood glucose levels, 5 mL tail blood was collected in heparinized coated

glass capillary tubes and immediately suspended in buffer (250 mL of EKF system solution, EKF-diagnostics GmbH, Barleben, Ger-

many). Samples were analyzed using the glucose oxidase method (BIOSEN S-line, EKF-diagnostics, Barleben, Germany).

Tissue and plasma biochemistry

Quantification of plasma insulin and glucagon was performed with luminescent oxygen channelling immunoassay technology at

Novo Nordisk. Lowest level of quantification for glucagon and insulin was 4 and 35 pmol/L, respectively. Tissue samples were pre-

pared by homogenizing the biopsies in a 0.15 M sodium acetate buffer (pH = 4.9) containing 0.75% Triton X-100 (Sigma-Aldrich,

Soeborg, Denmark). Tissuelyser II and 5 mm stainless aluminum beads (Qiagen, Hilden Germany) were used to homogenize the

liver samples. The samples were subsequently placed on a heating block (95 ± 5�C) for 2 min before being placed on ice. The

cooled homogenate from each liver sample was split into two aliquots. Amyloglucosidase (Sigma-Aldrich, Cas no. 9032-08-0,

2860 Soeborg, Denmark) was added to one of the aliquots which was then placed on a heating block (50�C) for 2 h to facilitate

the breakdown of glycogen to glucose. Both aliquots were subsequently centrifuged at 9000 g for 10 min and the supernatant

was used to measure liver biochemistry. Hepatic levels of triglycerides, total cholesterol, fatty acids (FA), aspartate transaminase

(ASAT), alanine transaminase (ALAT), glucose, and glycogen were determined using the Cobas Pro c503 instrument (Roche

Diagnostics GmbH, Mannheim, Germany) according to manufacturer’s instructions. Levels of glycogen were calculated by sub-

tracting the free glucose from the total glucose concentration (measured in untreated and amyloglucosidase treated samples,

respectively).

Quantitative reverse transcription PCR

RNA from tissue and mouse hepatocytes was isolated using the RNeasy Mini Kit according to manufacturer’s instructions (Qiagen,

Hilden, Germany). TissueLyser II and 5 mm stainless steel beads were used to disrupt and homogenize tissue samples, and DNase

digestion was facilitated by the RNase-Free DNase set (Qiagen, Hilden, Germany). RNA from tissue and mouse hepatocytes was

collected in 30 mL RNase free water where 1 mL was used to determine RNA concentration and purity (Nanodrop 8000 Spectropho-

tometer, Thermo Fisher Scientific, Massachusetts, USA; mean A260/280�2). cDNA was subsequently synthesized using iScript

cNDA Synthesis Kit (Bio-rad Laboratories, California, USA). Fifteen mL RNA in RNase free water wasmixed with 4 mL iScript Reaction

Mix and 1 mL iScript Reverse Transcriptase, generating a total reaction volume of 20 mL for cDNA synthesis and amplification (C1000

Touch Thermal Cycler, Bio-Rad Laboratories, California, USA). One mg RNA was used for the cDNA synthesis, followed by 1:10 dilu-

tion of cDNA in MilliQ water prior to qPCR analysis. TaqMan primers for qPCR were purchased from Thermo Fisher (Thermo Fisher

Scientific, Massachusetts, USA). For RT-qPCR, 5 mL cDNA mixed with 6 mL Taqman, 0.6 mL TaqMan assay and 0.4 mL MilliQ water

were added in each well. The fluorescence signal was measured on the Quantstudio 12K flex (Thermo Fisher Scientific, Waltham,

Massachusetts, USA) from which the threshold cycle (Ct) values were extracted from the associated software. No-template controls

were checked for either missing Ct values or values >35. mRNA level was reported as the average Ct value from duplicates or trip-

licates. Levels were normalised to constitutively expressed Ywhaz and the relative mRNA content was calculated by the 2�DDCT

method in Microsoft Excel (Microsoft Corporation, Washington, USA). Invariant mRNA level of reference genes across the study

groups was confirmed by statistical comparisons across the groups (as described in quantification and statistical analysis). For

an overview of genes for RT-qPCR and the associated primers, please refer to Table S1. For revision purposes, additional experi-

mental work was analyzed using SYBR Green RT-qPCR (Figures S3B and S10A). Here, RT-qPCR was performed on 5 mL cDNA

mixed with 5.5 mL PrecisionPLUS OneSTEP RT-qPCR master mix (Primer Design, York, United Kingdom), and 0.11 mL of both for-

ward and reverse primers (primers summarized in Table S2).
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ELISA

LEAP2 in plasma was analyzed with an ELISA kit for human and mouse LEAP2 detection (Cat. No. EK-075-40, Phoenix Pharmaceu-

ticals Inc, Burligame, USA). Mouse plasma samples were diluted 1:50, human plasma samples 1:20, whereas cell medium was used

undiluted before being analyzed in accordance with the manufacturer’s instructions.

Primary cell cultures
Mouse primary hepatocytes: Gibco Cryo Mouse Hepatocytes (#MSCP10 LOT#MC959, Thermo Fischer Scientific, Frederick MD,

USA) were thawed in a 37�C water bath and transferred immediately to 10 mL seeding media comprising of basic media containing

1 nM insulin (NNC0121-0308 batch #047.ins.05.2) and 10% FBS. The basic media contained Medium 199 with phenolred, glutamax

and 5.5 mM glucose (Gibco # 41150) supplemented with 1% penicillin/streptomycin (Gibco # 15140-114) and 4 mg/mL dexameth-

asone (sigma #D1159). The cells were pelleted for 3 min at 55 g, and the medium was aspirated. Subsequently, pelleted cells were

resuspended in 10 mL seeding medium and counted, and viability and aggregation were determined. Approximately 250.000 hepa-

tocytes per well were seeded into 24-well collagen coated plates (biocat #354649) for ELISA and qPCR analyses. Approximately

50.000 hepatocytes per well were seeded into 96-well collagen coated plates (biocat #354649, Corning) for Surefire assays. After

4-5h post seeding, the medium was changed to basic medium supplemented with 0.1% FBS and thus starved overnight prior to

the experiment. At the day of the experiment, starvation medium was aspirated, and cells were exposed to 20 mM glucose, 3 nM

human insulin, 30 nM S961, in combination or alone as indicated or 100 nM glucagon, as indicated, for 4 h in a humidified incubator

at 37�Cwith 5%CO2 in a background of DMEM low glucose supplementedwith 0.1%HSA that served as the control. For termination

of the experiment, cells were immediately put on ice where medium was collected for ELISA. Cells were washed 3 times with cold

PBS, snap-frozen in liquid nitrogen prior to addition of 350 mL RLT lysis buffer (Qiagen) and stored in�80�C freezers until RNA extrac-

tion for qPCR was performed as described above. For assessing insulin sensitivity, the phosphorylation state of Akt in hepatocyte

lysates was determined using the AlphaScreen, SureFire, Akt 1/2/3 p-S473 Assay Kit (Cat. No. TGRA4S10k, PerkinElmer) according

to manufacturer’s instructions. Briefly, cells were incubated with different concentrations of human insulin or S961 in combination

with a fixed human insulin concentration of 10 nM as indicated and incubated for 15 min at 37�C in a humidified incubator with

5% CO2. Cell medium was then immediately removed, and the plate was placed on ice where cells were washed 2 times with

100 mL ice-cold PBS prior to being snap-frozen in liquid nitrogen and stored at �80�C until analysis following the assay protocol.

Acceptor and donor beads were from the Protein A general IgG detection kit (PerkinElmer, Cat. # 6760617M) and the 384 well plate

used for the assay was the AlphaPlate-384 (PerkinElmer, cat. # 6008359).

Human intestinal organoids purchased fromHubOrganoid Technology (HUB, Utrecht, Netherlands, cataloged at huborganoids.nl)

were cultured in Advanced DMEM/F12 (AD-DF+++) (Cat. No. 12634-010, Gibco, Thermo Fischer Scientific, Frederick MD, USA) sup-

plemented with 1% penicillin/streptomycin (Cat. No. 15140-114, Gibco, Thermo Fischer Scientific, Frederick MD, USA), 1%

GlutaMax (Cat. No. 35050-038, Gibco, Thermo Fischer Scientific, Frederick MD, USA), and 1% 1M HEPES (Cat. No. 15630-056,

Gibco, Thermo Fischer Scientific, Frederick MD, USA). Following growth factors were added: 200 ng/mL recombinant noggin

(Cat. No. 120-10C, Peprotech, Thermo Fischer Scientific, Frederick MD, USA), 1:200 B27 (Cat. No. 12587010, Lifetechnologies,

Thermo Fischer Scientific, Frederick MD, USA), 1 mM g N-Acetyl cysteine (Cat. No. A9165-25G, Sigma-Aldrich, Missouri, USA),

100 ng/mL recombinant human EGF (Cat. No. AF-100-15, Peprotech, Thermo Fischer Scientific, Frederick MD, USA), 10 nM gastrin

(Cat. No. G9145, Sigma-Aldrich, Missouri, USA), and 1 mM A83-01 (Cat. No. 2939, Biotechne, Tocris) (2X Intestinal organoid base

medium, 2X IBM medium). Human organoids were expanded in 1X IBM medium containing 25 mL AD-DF+++ per 50 mL expansion

medium, 0.5 nM NGS-Wnt (Cat. No. N001, Immunoprecise Antibodies), 250 ng/mL human Rspondin-3 (Cat. No. 3500-RS/CF, Bio-

techne), 10 mM nicotinamide (Cat. No. N0636-100g, Sigma-Aldrich, Missouri, USA), 10 mM p38 inhibitor (Cat. No. S7067, Sigma-

Aldrich, Missouri, USA), 50 mg/mL primocin (Cat. No. ant-PM-1, InvivoGen) and 10 mM ROCK inhibitor (Cat. No. Y-27632, dihydro-

chloride, Tocris 1254, Biotechne). Organoids were kept at 37�C in a humidified incubator with 5% CO2 in an LDPE bag, and medium

was refreshed every 2–3 days. Human duodenal HUB organoids were differentiated for 5 days in 1X IBM medium with 9.84 mL AD-

DF+++ per 20mL combination differentiation medium, 0.1 nM NGS-Wnt, 250 ng/mL human Rspondin-3, 10 mM DAPT (Cat. No.

D5942-25MG, Sigma-Aldrich, Missouri, USA) and 100 nM PD0325901 (Cat. No. PZ0162-25mg, Sigma-Aldrich, Missouri, USA) prior

to the experiment. On the day of the experiments, human intestinal organoids were partially starved for 4h in Dulbecco’s Modified

Eagle’s Medium (DMEM) – low glucose (Cat. No. D2429, Sigma-Aldrich, Missouri, USA) supplemented with 2% FBS prior to nutrient

challenges of 20 mM glucose and 1 mM oleic and linoleic acid for 2 h (#L9655, Sigma-Aldrich, Missouri, USA) with or without 3 nM

human insulin (NNC0121-0308) and 30 nM S961 (NNC0069-0961) as indicated. The background and control human organoid treat-

ments were DMEM low glucose supplemented with 0.1% human serum albumin (Cat. No. A1887, Sigma-Aldrich, Missouri, USA) for

2 h. Immediately after the nutrient challenge, human intestinal organoids were placed on ice and media was collected for LEAP2

ELISA. 350 mL of RLT lysis buffer (Qiagen) were added directly to the Matrigel domes with organoids while on ice, the domes with

organoids were dissociated and dissolved by pipetting and scraping, and lysates were collected in Eppendorf tubes for RNA extrac-

tion and qPCR as described above.

Crypt isolation and mouse intestinal organoids

Mouse intestinal crypts were isolated from C57BL/6J mouse jejunum, as described previously52–55 and were seeded into Matrigel

(BD Biosciences), in which they grew into organoids.53,55 Crypts were established and maintained in Complete IntestiCult Organoid

Growth Medium (Mouse) (Cat. No. #06005, Stemcell Technologies, Vancouver, Canada) according to manufacturer’s protocol. The
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medium was refreshed every 2 days. Analysis of freshly un-passaged intestinal mouse organoids was performed on 5-7 days-old

cultures, when crypts from the small intestine had budded. On the day of the experiments, mouse organoids were partially starved

for 4h in Dulbecco’s Modified Eagle’s Medium (DMEM) – low glucose supplemented with 2% FBS, 1:1000 mouse RSPO (#3474-RS,

Biotechne), 1:1000 mouse Noggin (#6997-NG, Biotechne), and 1:2000 mouse EGF (#2028-EG, Biotechne) prior to the same 2 h

nutrient challenge as with the human intestinal organoids. Harvesting of organoids and collection of media were performed in the

same way as with human intestinal organoids.

Cell lines
For insulin stimulation, cells were incubated with 3 nM human insulin for 18 h. For culturing in insulin resistant medium, HepG2-

IGF1R-KO cells were exposed to 1 nM human insulin, 0.5 mM palmitic, linoleic, and oleic acids, and 20 mM glucose for 72 h prior

to insulin stimulation. RNA for bulk RNA-seq was isolated using RNeasy Mini Kit with DNase treatment according to manufacturer’s

instructions (Qiagen, Hilden, Germany), and the sequencing library was prepared by purification of poly-A containing mRNAs, mRNA

fragmentation, strand-specific random primed cDNA synthesis, and adapter ligation and adapter specific PCR amplification using

the NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (NEB #E7765, New England BioLabs, Ipswich, Massachusetts,

USA). The sequencing was performed on the Illumina paired-end read sequencing (2 x 150 bp, minimum of 30 M read pairs +/�
3%) platform (Eurofins, Germany site). All RNA samples had RIN scores of 9.8–10. Bulk RNA-sequencing reads from HepG2-

IGF1R-KO cells were aligned to GRCh37 using Salmon49 and quantification was performed using STAR. Fastq files were quality-

controlled using MultiQC. Differential expression analysis was performed in R using DEseq2.50 The adjusted p-value cutoff was

set to 0.05. The Log2Foldchange cutoff was set to 0. Appropriate normalization was evaluated byMA-plotting. Stable shrinkage pro-

cedure was evaluated by shrink-dispersion plotting. Uniform p-value distributions reflecting null and alternative hypotheses and a

well-specified mode were evaluated by p-value distribution plotting.

Bioinformatics
To determine the cell type source of human LEAP2 liver gene expression, we investigated its expression across a comprehensive

liver cellular atlas. We integrated six independent studies of liver cell snRNA-seq and scRNA-seq data. Count matrices from GEO

accessions GSE136103, GSE185477, GSE189175, GSE189600, GSE192740, and GSE212837 were concatenated retaining the in-

tersected genes across studies. Barcodes with extreme sequencing depth (1%) and more than 25%mitochondrial transcripts were

filtered out. Liver cell types were identified by Leiden clustering a cell nearest neighbor graph where technical effects had been ac-

counted for using the BBKNN approach.58 Such cell graph was initially build based on cell-to-cell similarities in the top 30 principal

components of the top 1000 most variable genes across all cells. Cell embedding and clustering were performed using scanpy

v1.9.3.59 Cell type identity was defined by annotating the least granular clustering resolution with the highest average silhouette

score. Cell cluster-specific genes were identified using the Mann-Whitney-Wilcoxon test and contrasted with well-known cell-

type-specific genes to define the cluster cell identity.

In the UCSC Genome Browser (GRCh38/hg38), we used the ensemble gene ID ENSG000000164406.7 (RefSeq NM_052971) on

genomic position hg38 chr5:132872322-132875046 to examine human LEAP2 gene expression from the NIH Genotype-Tissue

Expression (GTEx) project (release V8) track. This track is based on data from 17,382 tissue samples obtained from 948 adults post-

mortem. Statistical analysis and data interpretation was performed by The GTEx Consortium Analysis Working Group.60–62 Data was

provided by the GTEx LDACC at The Broad Institute of MIT and Harvard. In the GTEx portal, we extracted data from bulk tissue gene

expression for human LEAP2 (data source: GTEx Analysis Release V8 dbGaP Accession phs000424.v8.p2). For bulk tissue RNAseq,

expression values are calculated as transcripts per million (TPM) from a gene model with isoforms collapsed to a single LEAP2 gene.

Boxplots are shown asmedians with 25th and 75th percentiles. All ChIP data, ATAC-seq, bisulfite-seq, and DNase-seq data are from

the ChIP-Atlas63,64 and were filtered for either liver data, digestive tract data or hepatocyte data, and visualized in the Integrative Ge-

nomics Viewer (IGV) software. We used the hg38 assembly for human data and themm10mouse assembly for mouse data, and data

weremapped to chr5:132,868,190-132,884,003 and chr11:53,415,595-53,428,959, respectively. All transcription factor binding data

weremapped to this region. Subsequently, transcription factors found to be regulated by insulin and glucagonwere filtered formanu-

ally in the ChIP-Atlas. Conservation data was acquired from the UCSC genome browser track Vertebrate Multiz Alignment & Con-

servation (100 Species), which are available as PhyloP conservation (WIG format) and was visualized in IGV. Data from ENCODE

Candidate Cis-Regulatory Elements (cCREs) were downloaded from the UCSC browser download server as a BigBed file and visu-

alized in IGV. Bulk RNAseq data from the Gene Expression Omnibus (GEO) were acquired from the GSE11067365 and the RPKM

matrix was gunzipped locally.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics were performed using R statistical software (R Core Team (2023). R: A language and environment for statistical computing.

R Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/R version 4.2.3 (2023-03-15 ucrt)) and

GraphPad Prism 10 (GraphPad). For parametric data, differences in means across groups were tested by Welch’s t-test or one-

way ANOVA. For nonparametric data, Mann-Whitney or Kruskal Wallis tests were used to test differences in medians between

two or more groups, respectively. Inspection of Q-Q plots in R was used to assess Gaussian distribution of collected data. Statistical
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significance was defined by a p-value less than 0.05, and data are shown as bar graphs with individual data points unless otherwise

stated. Continuous data were checked for any violations of the assumptions necessary to run one-way ANOVAs with repeated mea-

sures. Repeated measures correlations were calculated using the rmcorr package. If the p-value was significant, appropriate post-

hoc multiple comparisons tests were performed, as indicated. Correction for multiple testing as indicated. DEseq2 uses generalized

linear models andWald tests to test for differential expression. Statistical details of statistical test used, sample size, what the sample

size represents, and definition of center and precisionmeasures can be found in the figure legends or the ‘‘method details’’ for each of

the experiments.

ADDITIONAL RESOURCES

Clinical trial registries and links
Clinical trial NCT04859322 on clinicaltrials.gov: https://clinicaltrials.gov/study/NCT04859322.

Clinical trial NCT02475421 on clinicaltrials.gov: https://clinicaltrials.gov/study/NCT02475421.
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