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ABSTRACT 

Many Long non-coding RNAs (lncRNAs) are specifically expressed in early embryos, 

but the physiological functions of most of them remain largely unknown. Here, we 

show that deficiency of lncenc1, an early embryo-specific lncRNA, altering glucose 

and lipid balance in adult mice. Newly weaned lncenc1-deficient mice prefer to use 

lipids as a fuel source. When mice were fed a normal chow diet (NCD), glucose 

intolerance and insulin resistance were observed in adult lncenc1-deficient mice. 

Under high-fat diet (HFD) conditions, however, lncenc1-deficient mice became 

healthier and could resist food-induced obesity and metabolic disturbances. 

Furthermore, AKT/mTOR-regulated lipogenesis in liver was reduced in 

lncenc1-deficient mice fed a HFD. MEFs lacking lncenc1 showed impaired glycolysis 

and lipogenesis, suggesting that the metabolic defects may already exist in embryos. 

Our study demonstrated the essential roles of lncenc1 in adult metabolism, providing 

experimental data that support the “fetal origin” of adult metabolic disorders. 

 

Keywords   Fetal origin; Glycolysis; Lipogenesis; Long noncoding RNAs; Metabolic 

homeostasis 

 

Abbreviations：lncRNA, Long non-coding RNA; NCD, Normal chow diet; HFD, High 

fat diet; BAT, Brown adipose tissue; eWAT, Epididymal white adipose tissue; iWAT, 

Inguinal white adipose tissue; MEF, Mouse Embryonic Fibroblast; mESC, mouse 

embryonic stem cell; GTT, Glucose tolerance test; ITT, insulin tolerance test; 

HOMA-IR, homeostasis model assessment of insulin resistance; FISH, Fluorescence 

in situ hybridization; TRIGL, Triglyceride Level; HDL-C, High cholesterol level; CHOL, 

Cholesterol; LDL-C, Low cholesterol level; ALT, Alanine aminotransferase; AST, 

Aspartate transaminase; RER, Respiratory exchange rate; MRI, Magnetic Resonance 

Imaging; mTOR, Mammalian target of rapamycin; AKT, Protein kinase B; AMPK, 

AMP-activated protein kinase; Glut4, Glucose transporter type 4; Hk2, Hexokinase 
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type II; Gpi, Glucose-6-phosphate isomerase; Pfk, ATP-dependent 

6-phosphofructokinase; Aldo, Fructose-bisphosphate aldolase; Tpi1, Triosephosphate 

isomerase; Gapdh, Glyceraldehyde-3-phosphate dehydrogenase; Pgk1, 

Phosphoglycerate kinase 1; Eno, enolase; Pgam, Phosphoglycerate mutase; Pkm, 

Pyruvate kinase; Ldha, L-lactate dehydrogenase A chain; CD36, Long 

-chain fatty acid transporter; Fasn, Fatty acid synthase; Acc1, Acetyl-CoA carboxylase 

1; Srebp1-c, Sterol regulatory element-binding protein 1; Pparγ, Peroxisome 

proliferator-activated receptor gamma; Gpam, Glycerol-3-phosphate acyltransferase 

1; Scd1, Acyl-CoA desaturase 1; C/EBPa, CCAAT/enhancer-binding protein 

 

1. INTRODUCTION 

Normal energy metabolism is characterized by switches between alternative 

fuels, i.e., glucose and lipid, according to physiological and nutritional circumstances 

[1]. However, chronic overnutrition could impair this energy homeostasis and cause 

metabolic syndrome, which has become a global epidemic and increases the risk for 

type 2 diabetes mellitus, cardiovascular diseases, and non-alcoholic fatty liver 

disease [2, 3]. The incidence of metabolic syndrome in the world is 10–40%, 

indicating that it is a serious threat to human health [4]. The “fetal origins of adult 

disease” hypothesis was proposed by Dr. Barker from the MRC Institute of 

Environmental Epidemiology in 1989. According to this hypothesis, metabolic 

reprogramming caused by malnutrition or genetic mutations during embryonic 

development determines long-term adult phenotype abnormalities [5]. Studies have 

shown that genetic polymorphisms of the IGF2BP2 and PPAR-γ2 genes in the Dutch 

population born during the famine of 1944–1945 are associated with the symptoms of 

adult disease caused by fetal malnutrition [6, 7]. Although it is difficult to rule out 

maternal effects in malnutrition research, this may be accomplished using genetic 

studies in embryos. For example, fetal deficiency of Lin28a and Lin28b in mouse 

embryos can cause aberrations in growth and glucose metabolism in adults [8]. 
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However, studies on this subject are still limited in number, because most of the 

genes involved in metabolism are often widely expressed and have an impact on the 

development of adult tissues. By gene editing methods, it is possible to temporarily 

downregulate target genes during embryonic development, but these experiments are 

challenging to perform. Therefore, genes that are specifically expressed in embryos 

are ideal targets for studying the fetal origin of metabolic reprogramming. 

LncRNAs are a unique class of transcripts; they are over 200 nt long and do not 

have protein coding potential. Like mRNA, most lncRNAs are transcribed by RNA 

polymerase II and undergo splicing, capping, and polyadenylation [9, 10]. Interestingly, 

lncRNAs exhibit tissue-specific and highly regulated expression patterns, and they 

are involved in diverse biological processes. Functional studies have indicated that 

multiple lncRNAs control metabolic tissue development and function, including 

hepatic metabolism, adipogenesis, islet function, and energy balance [11-13]. 

Expression profiling studies and gain- or loss-of-function approaches in cell-based in 

vitro systems have uncovered important roles for many lncRNAs specifically 

expressed in pluripotent stem cells (PSCs) [14-16]. Yet, the in vivo physiological 

functions of early embryo-enriched lncRNAs remain elusive. 

The overarching question of our research is whether lncRNAs can regulate 

metabolism in the embryo and thereby determine long-term adult energy homeostasis, 

and if so, by which mechanisms. In a previous study, we showed that lncenc1, a 

lncRNA specifically expressed during embryonic development, regulates the 

expression of glycolytic genes through interacting with hnRNPK and PTBP1 in mouse 

embryonic stem cells (mESCs) [17]. The mouse lacking lncenc1 could be an ideal 

model for studying the fetal origin of metabolic abnormalities. We used two 

gene-editing strategies to construct global knockout strains. We found that, due to the 

impaired glycolytic and lipogenetic activity in embryos, the glucose and lipid balance 

is reprogrammed in lncenc1-knockout mouse. 
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2. METHODS 

2.1. Animals and diets 

All of the mice were generated by Shanghai Biomodel Organism Co., Ltd. Mice were 

maintained in colony cages at an environmental temperature of 22±1°C and humidity 

of 45±10% under a 12/12 hr light/dark cycle. All of the mice had free access to water, 

and food was only withdrawn if required for an experiment. 

We used two knockout strategies to generate lncenc1-deficient mice. The first 

strategy was to integrate a premature polyadenylation cassette in the middle of the 

first exon (lncenc13A/3A), resulting in early termination of the transcript without 

long-range genomic disruption. The second strategy was to delete exon 3 of the 

lncenc1 gene (lncenc1ΔE3/ΔE3), which is a straightforward approach and leaves no 

residual transcript of the major exon [18]. Only male mice were used during this study. 

Six-week-old lncenc13A/3A mice, lncenc1ΔE3/ΔE3 mice, and their wild-type littermates 

were subjected to NCD (60% energy from carbohydrates, SLRC) or HFD (60% 

energy from fat, Research Diets). Mice were maintained on HFD for 20 weeks, and 

body weights were recorded every week. Body composition was assessed using an 

NMR analyzer (Bruker). Moreover, energy expenditure, oxygen consumption, food 

intake, and physical activity were measured with CLAMS (Columbus Instruments, 

Columbus, OH, USA). At the end of the experiment, iWAT, eWAT, BAT, and liver tissue 

were collected by dissection and snap-frozen in liquid nitrogen for protein and RNA 

analysis or fixed in 4% paraformaldehyde for immunohistochemistry. Ethical approval 

was obtained by the Committee for Animal Care and Experimental Use of the Fudan 

University School of Basic Medical Sciences (no. 20160225-059). All of the animal 

studies were approved by the Institutional Animal Care and Use Committee (IACUC) 

of Fudan University and were in accordance with NIH guidelines. 

 

2.2. RNA extraction and reverse transcription (RT)-qPCR 
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Total RNA was isolated from tissues and cultured adipocytes using TRIzol lysis 

reagent (Invitrogen). Complementary DNA was synthesized from 1 μg total RNA 

using PrimeScript RT Master Mix (TaKaRa) with random primers following the 

manufacturer’s instructions. Real-time qPCR assays were run in duplicate on a 

LightCycler 480 instrument (Roche) using 2× Sybr Green PCR Master Mix (Roche 

Applied Science, Indianapolis, IN). All of the relative mRNA expression levels were 

calculated by the ΔΔCt method with Actb as the invariant control. Primers used are 

listed in Table S1. 

 

2.3. Western blotting 

The Western blotting experiments were conducted as described [17]. Proteins w

ere extracted from tissue samples (after snap-freezing) or from cultured cells in

 lysis buffer. Antibodies: mTOR (CST Cat#2983), Ser2448-mTOR (CST Cat#553

6), AKT (CST Cat#4691), Ser473-AKT (CST Cat#4060), Thr308-AKT (CST Cat#

13038), AMPK alpha (CST Cat#5831), Thr172-AMPK alpha (CST Cat#50081), T

PI1 (Proteintech Cat# 10713-1-AP), ALDOC (Proteintech Cat#14884-1-AP), PFK

P (Proteintech Cat#13389-1-AP), ACTB (Proteintech Cat#60008-1-AP), Foxo1( H

UABIO Cat#ET1608-25), p-Foxo1(Beyotime Cat#AF605). 

 

2.4. RNA fluorescence in situ hybridization (FISH) 

RNA FISH for the detection of lncenc1 and Ppib (positive control) was performed 

using RNAscope (Advanced Cell Diagnostics Inc., Hayward, CA 323100), according 

to the protocol provided by the manufacturer.  

 

2.5. The measurement of glucose uptake and lactate production 

The same amount of MEF from two strains were seeded on a well of 12-well plates. 

After 24 hours, cultured medium was collected for glucose and lactate measurement, 

using the Cobas C311 Chemistry Analyzer (Roche), according to the manufacturer’s 
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instruction. The intracellular glucose consumption and lactate production were 

calculated by the concentration differences between cultured medium and the blank 

medium.  

 

2.6. Cell culture 

Mouse ESC line (E14TG2a) were cultured in 2i /LIF conditions as described [19]. The 

shRNA-based knockdown experiments were conducted as described previously [20]. 

 

2.7. MEF differentiation and treatment 

Mouse Embryonic Fibroblasts (MEFs) were isolated at E12.5 as described [21]. 

Adipogenesis of MEFs was performed as previously described [22]. Two days after 

reaching confluence (designated day 0), MEFs were induced with rosiglitazone and 

MDI cocktail. 

 

2.8. Oil red O staining 

Oil Red O (0.7 g) was dissolved in 200 ml of isopropanol and filtered with 0.22-μm 

filters. The solution was diluted with water (3:2). The differentiated adipocytes were 

washed twice with cold PBS and fixed with 3.7% formalin for 15 min, stained with Oil 

Red O for 4h at room temperature, washed twice with ddH2O, dried at room 

temperature, and then visualized and photographed. 

 

2.9. Histological analysis and HE staining 

Tissues were fixed with 3.7% paraformaldehyde at 4°C overnight, embedded in 

paraffin, sectioned, and stained with HE following standard procedures. 

Immunohistochemistry experiments were performed by Shanghai Rui Yu 

Biotechnology Co., Ltd.  

 

2.10. Glucose tolerance test (GTT) and insulin tolerance test (ITT) 
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For the GTT, mice were placed in a clean cage with water and injected with D-glucose 

(2 mg/g body weight, intraperitoneally) after an overnight fasting (16 h). Tail vein blood 

glucose levels were measured at 6 time points after injection. For the ITT, mice were 

injected with insulin (0.75 mU/g body weight, intraperitoneally) after fasting for 4 h, 

and tail vein blood glucose levels were measured at 6 time points after injection. 

 

2.11. Serum parameter measurements 

Blood samples were collected by the retro-orbital bleeding method using heparinized 

capillary tubes. Blood samples were then transferred to Eppendorf tubes and 

centrifuged within 30 min of collection to separate plasma. Glucose, triglyceride, 

cholesterol, LDL, HDL, ALT, and AST levels were assayed using an automatic 

biochemical analyzer (cobas c 311, Roche). 

 

2.12. Body composition measurements 

Live mice were placed into a thin-walled plastic cylinder, and body composition tests 

were carried out by an NMR analyzer (Bruker) following the manufacturer’s 

instructions. 

 

2.13. Metabolic studies (CLAMS) 

Four-week-old mice were maintained individually in a metabolism chamber 

(Comprehensive Lab Animal Monitoring System, CLAMS) with free access to food 

and water for 72 hours. Mice were housed for 24 hours for adaptation. Metabolic 

parameters, i.e., energy expenditure, O2 consumption, CO2 production, RER, and 

total locomotor activity, were recorded at 10 min intervals in a standard 12/12 hr 

light/dark cycle at 25°C. The RER is the ratio of carbon dioxide production to oxygen 

consumption (VO2), i.e., RER = VCO2/VO2. Energy expenditure was calculated as the 

product of the calorific value of oxygen/carbon dioxide and the consumption (E = 

3.815×VO2 + 1.232×VCO2) [23]. 
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2.14. Statistical analysis 

The data of calculation cell size are expressed as mean value ± SD. All the other data 

are expressed as mean value ± SEM. All of the Fig.s were generated and statistical 

analyses were carried out using GraphPad Prism 7.0; n indicates the number of 

animals per group or number of independent experiments. The statistical significance 

of differences between two groups was assessed using the two-tailed Student t-test. 

The level of significance was set at *P < 0.05; **P < 0.01; ***P < 0.001. 

 

2.15. Liver transcriptomics 

For reads mapping, paired-end 150-bp reads were mapped to the mouse mm10 

reference assembly (GRCm38, patch 3) with hisat2 (version 2.1.0) [24], using default 

parameters. Only reads of high mapping quality (mapQ > 20) that aligned to unique 

locations were retained with NH:i:1 tag. Unique SAM files were converted to BAM files 

and then sorted and indexed by samtools (version: 1.7) [25]. The GENCODE M21 

GTF was used as annotation reference. For gene expression level analysis, we used 

the Fragments Per Kilobase of transcript per Million fragments (FPKM), which was 

calculated with StringTie version 1.3.6 [26]. For differential gene expression analysis, 

raw count tables for GENCODE M21 gene models were quantified using HTSeq 

version 0.6.1 [27]. Differential expression statistics were obtained with DESeq2 [28] R 

package version 1.22.2, with default settings, except for the FDR threshold (reduced 

to a more stringent 0.05) and the absolute value of log2(fold change) > 1.For 

visualization on IGV, the BIGWIG files from forward and reverse strands were 

separately generated and normalized using RPGC by bamCoverage with deeptools 

3.1.0 [29]. GO enrichment analysis on gene sets was performed on the DAVID [30] 

website, and biological process terms were ranked based on Benjamini-corrected 

P-values. 
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2.16 Data availablility 

Liver RNA-seq data files have been deposited at the Gene Expression Omnibus 

(www.ncbi.nlm.nih.gov/geo) with accession number GSE135314. Enter token 

“qdazgmyqnzgjzmn” into the box. 

 

3. RESULTS 

3.1. Generation of lncenc1-deficient mice 

To investigate the in vivo gene expression pattern of lncenc1, we first measured 

the expression levels of lncenc1 in different murine tissues. As expected, lncenc1 is 

highly expressed in mouse blastocyst stage embryos (E3.5) compared to other 

examined tissues (Fig. 1A). During early development, the expression levels rapidly 

decreased after implantation according to published RNA-seq data [31, 32] (Fig. 1B). 

Furthermore, RNA FISH experiments indicated that transcripts of lncenc1 are 

detected in cells from the inner cell mass with high expression level of Pou5f1, a 

classic pluripotency marker (Fig. 1C). These data indicate that lncenc1 expresses 

specifically in early developmental stages in vivo. 

To explore the biological functions of lncenc1, we generated two 

lncenc1-knockout models: lncenc13A/3A and lncenc1ΔE3/ΔE3 (see Methods; Fig. 1D and 

Fig. S1A-B). In both models, we were able to successfully abolish lncenc1 expression 

in blastocysts (Fig. 1E) and major metabolic tissues in adult mice (Fig.S1C). 

Functional experiments were performed mostly in lncenc13A/3A mice, because of the 

smaller genomic disruption, and the experiments in lncenc1ΔE3/ΔE3 mice were 

performed to further confirm the results. lncenc1wt/wt and lncenc1+/+ mice were control 

littermates for lncenc13A/3A and lncenc1ΔE3/ΔE3 mice, respectively. 

 We first observed the birth rate, sex ratio, and birth weight of different genotypes. 

Both lncenc13A/3A and lncenc1ΔE3/ΔE3 mice were viable at birth, with a birth rate of about 

22% (39/181) and 24% (24/99), which are similar to the expected Mendelian ratio 

(25%), indicating no embryonic lethality occurred in knockout embryos. In addition, 
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there were no significant differences in sex ratio and birth weight between different 

genotypes (Fig. 1F-G, Fig. S1D-E). Mice showed no gross abnormalities and were 

viable to more than one year of age. Therefore, lncenc1 is not required for embryonic 

development and viability. 

 

3.2. lncenc1 deficiency drives a metabolism change at weaning  

Since we had shown lncenc1 impairs the capacity to perform glycolysis in 

mESCs, we wondered whether lncenc1 deficiency also have influence on metabolism 

in vivo. The lncenc13A/3A mice exhibited slight glucose intolerance compared to 

wildtype littermates at weaning (4 weeks) (Fig. 2A), and fasting insulin levels were 

also slightly elevated (Fig. 2B). 

To further analyze the fuel utilization of lncenc13A/3A mice at this stage, we 

performed the metabolic cage experiments. Notably, lncenc13A/3A mice showed a 

moderate decrease in respiratory exchange ratio (RER) during both the day and the 

night (Fig. 2C), indicating a compensatory upregulation of fat utilization. Meanwhile, 

lncenc13A/3A mice had higher energy expenditure, as evidenced by the higher volume 

of consumed oxygen (VO2) (Fig. 2D), with unaltered total daily food consumption or 

activity between the two cohorts (Fig. 2 E-F). We also measured several genes 

related to energy regulation in brown adipose tissue. Ucp1, Cidea and Elovl3 were 

slightly up-regulated under NCD (Fig.S2A), further confirming that lncenc13A/3A mice 

had higher energy consumption. In summary, lncenc13A/3A mice at weaning exhibit 

metabolism changes, including a trend for glucose intolerance, a shift in fuel utilization 

and the higher energy consumption. 

 

3.3. lncenc1-deficient mice have impaired glucose homeostasis under NCD 

conditions 

We further explored the influence on glucose homeostasis in the adult mice. 

Normal chow diet (NCD), with glucose as the main energy source, was fed to 
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lncenc13A/3A mice and their littermate controls. To assess the kinetics of weight gain in 

these animals, we measured body weight every week, starting at 6 weeks age. On an 

NCD, body weight and length were similar between lncenc1-deficient mice and their 

littermate controls over 26 weeks of life (Fig. 3A-B). And the food consumption 

between the two strains also had no difference (Fig. 3C). To characterize how lncenc1 

deficiency affects glucose homeostasis, we performed the Glucose tolerance test 

(GTT) and insulin tolerance test (ITT), classic metabolic tests used for the 

characterization of whole-animal glucose metabolism, on adult mice (age above 12 

weeks). Consistent with the results at weaning, lncenc1 depletion significantly 

impaired glucose tolerance, as indicated by GTT (Fig. 3D). Moreover, their insulin 

sensitivity was also significantly reduced as showed by ITT (Fig. 3E), while serum 

levels of insulin were similar between WT and lncenc13A/3A mice (Fig. 3F). These 

results show that lncenc1-deficient mice clear blood glucose less efficiently.  

Furthermore, lncenc13A/3A mice had less epididymal white adipose tissue (eWAT), 

while the weight of inguinal white adipose tissue (iWAT), brown adipose tissue (BAT) 

and liver did not change (Fig. 3G-H). Hematoxylin and eosin (H&E) staining and the 

quantification showed that the cell sizes of eWAT in lncenc13A/3A mice were 

statistically smaller than those in WT mice, while the cell sizes of iWAT and BAT were 

similar between the two stains (Fig. 3I-J). Moreover, the liver appearance and the cell 

morphology of liver were not different between the two strains according to H&E (Fig. 

3K, M). Also, the triglyceride (TG) and cholesterol (CHO) content didn’t change, 

consistent with the results of Oil Red O staining (Fig. 3L-M).   

Skeletal muscle tissue exhibits high glycolytic activity and accounts for 60%–80% 

of the increase in glucose metabolism in response to insulin [33, 34]. In order to 

elucidate the mechanisms underlying glucose intolerance and insulin resistance, we 

investigated the effects of lncenc1 knockout on skeletal muscle tissue. We examined 

mRNA expression levels by RT-qPCR in muscle of lncenc13A/3A mice. The expression 

levels of all glycolysis genes tend to decline, especially phosphofructokinase (Pfkp) 
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and aldolase isozymes A and C (Aldoa, Aldoc), which were significantly 

downregulated (Fig. 3N). PFKP and ALDOA/C, glycolytic key enzymes, control 

glycolysis activity. PFKP catalyzes the phosphorylation of fructose-6-phosphate (F6P) 

to fructose-1,6-bisphosphate (FBP). FBP is a sensor of glucose availability and 

represses AMP-activated protein kinase (AMPK) activation. Aldolases also act as a 

sensor of falls in glucose availability and transmit the signal to AMPK [35]. 

Correspondingly, lncenc13A/3A mice exhibit increased AMPK phosphorylation in 

muscle tissue (Fig. 3O). Once activated, AMPK would promote alternative catabolic 

pathways to generate ATP, such as fatty acid oxidation. Consistently, we found an 

evaluated trend for genes of energy expenditure (AP2, Ucp1) and fatty acid 

metabolism (Atgl, Hsl, Ppara and Cpt1a) in eWAT and liver respectively (Fig.S2B-C). 

We also detected a decreased RER in adult lncenc13A/3A mice (Fig. S2D), suggesting 

an increased fat oxidation capacity. The physical activity of the two strains mice was 

similar (Fig. S2E). 

To further confirm the results obtained in lncenc13A/3A mice, we also analyzed 

some phenotypes of lncenc1ΔE3/ΔE3 mice under the NCD condition. Although the body 

weight was similar between lncenc1ΔE3/ΔE3 and their littermate controls (Fig. S3A), the 

lncenc1ΔE3/ΔE3 mice had impaired insulin sensitivity and glucose intolerance under 

NCD (Fig. S3B-C). The weight of liver was no difference, however, the weights of all 

three fat pads in lncenc1ΔE3/ΔE3 mice were reduced (Fig. S3D-E). The cell sizes of all 

three fat pads in lncenc1ΔE3/ΔE3 mice were statistically decreased based on the H&E 

staining and quantification (Fig. S3F-G). Furthermore, the expression of glycolysis 

genes in lncenc1ΔE3/ΔE3 mice were down-regulated (Fig. S3H). Therefore, the 

phenotypes of these two knockout strains were largely similar. However, the 

reductions of fat weights and cell sizes were stronger in lncenc1ΔE3/ΔE3 mice, probably 

because the complete deletion of exon 3 is more efficient to eliminate the expression 

of lncenc1. 

Together, these results indicate that adult lncenc1-deficient mice exhibited 
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defective glycolysis and impaired homeostasis, such as glucose intolerance and 

insulin resistance, during NCD feeding. Moreover, inefficient glycolysis resulted in 

increased energy expenditure on fatty acid and lower adiposity.  

 

3.4. lncenc1-deficient mice resist diet-induced obesity and liver steatosis 

According to the “thrifty genotype” hypothesis, humans have “evolutionary 

physiology,” i.e., our bodies tend to preserve body fat to increase future survival 

chances [36]. However, the availability of calories is almost unlimited in modern 

society, which has caused a lot of people to gain excessive weight. Since 

lncenc1-deficient mice prefer to use lipids as fuel at weaning and loss-of-function 

experiments with several glycolytic genes (Ldha, Aldob, and Tpi1) showed fat or 

weight loss phenotypes in mice according to the MGI database, we next explored the 

effects of lncenc1 deficiency in the case of high-fat overnutrition.  

Six-week-old lncenc13A/3A male mice and their littermate controls were fed HFD 

(60% energy from fat) for 20 weeks, and body weight was measured every week. 

Notably, lncenc1-deficient mice did not gain as much weight as their littermate 

controls (Fig. 4A-B). The body weight of lncenc13A/3A mice was 14% lower than that of 

wild-type littermates. Different mouse strains consumed equivalent amounts of food, 

indicating that the reduction in weight was not due to a reduction in food uptake (Fig. 

4C). Body composition analysis using magnetic resonance imaging (MRI) at 8, 12, 

19-week of feed age revealed that lncenc13A/3A mice accumulated less fat mass, 

whereas their gains in lean mass were similar to those observed in wild-type mice 

under HFD conditions (Fig. 4D). These changes in fat mass were confirmed after 

mice were sacrificed. After 20 weeks of HFD treatment, the weight of the iWAT, eWAT, 

and BAT decreased 30.09%, 17.75%, and 38.13% respectively, compared with 

wild-type littermates (Fig. 4E-F). Furthermore, the H&E staining and the quantification 

of cell sizes of the three fat pads revealed that the diameters of dipocytes in 

lncenc13A/3A mice were significantly decreased (Fig. 4G-H). HFD-fed wild-type mice 
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developed acute hepatomegaly with a 35.5% increase in liver weight compared to 

HFD-fed lncenc13A/3A mice (Fig. 4I). The TG and CHO content in liver were 

significantly down-regulated in lncenc13A/3A mice under HFD condition (Fig. 4J). These 

data were consistent with histologically evidence of hepatosteatosis according to H&E 

and Oil Red O staining, while HFD-fed lncenc13A/3A mice had minimal or no signs of 

steatosis (Fig. 4K).  

We also fed lncenc1ΔE3/ΔE3 mice with HFD for 20 weeks and the phenotypes, 

including body weights, fat tissue weights, adipocytes sizes and liver pathologies 

were highly consistent with those observed in lncenc13A/3A mice (Fig. S4A-F). 

In summary, these results demonstrate that lncenc1-deficient mice were 

protected from HFD-induced obesity and liver steatosis. 

 

3.5. lncenc1-deficient mice have improved metabolic parameters under HFD 

HFD is a well-established metabolic stress that can lead to abnormal obesity in 

mice and produce metabolic disorders, such as insulin resistance and liver steatosis 

[37]. Under HFD conditions, lncenc1-deficient mice did not increase their body weight 

as much as the wild-type mice did and showed alleviated liver steatosis. Next, we 

examined whether lncenc1 deficiency could protect mice from diet-induced metabolic 

disorders. As anticipated, lncenc13A/3A mice had lower fasting glucose levels after 

HFD treatment (Fig. 5A). Consistently, the fasting serum insulin levels and the insulin 

resistance index HOMA-IR of lncenc1ΔE3/ΔE3 mice were significantly lower compared 

with wild-type littermates (Fig. 5B). To further examine this concept, we next 

performed the GTT and ITT. lncenc13A/3A mice were significantly protected from 

HFD-induced glucose intolerance compared with their wild-type littermates (Fig. 5C). 

The ITT assay showed that lncenc1 deficiency improved insulin sensitivity under HFD 

conditions (Fig. 5D). These results demonstrate that HFD can compensate for the 

inefficient glucose uptake observed in lncenc13A/3A mice fed NCD and that lncenc13A/3A 

mice are protected from HFD-induced glucose intolerance and insulin resistance. 
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HFD-induced obesity is ultimately accompanied by serum dyslipidemia. 

lncenc13A/3A mice showed alleviated serum low-density lipoprotein cholesterol 

(LDL-C), and a tendency to hypocholesterolemia (CHO2I) and lower serum 

high-density lipoprotein cholesterol (HDL-C) during fasting (Fig. 5E). Similarly, fasted 

serum levels of CHO2I, HDL-C and LDL-C in lncenc1ΔE3/ΔE3 mice were significant 

decreased compared to wildtype littermate controls (Fig. 5F). The liver takes up 

circulating fatty acids, which are the main source of liver triglycerides [38]. We have 

shown that TG content in the liver of lncenc1-deficient mice was significantly reduced 

under HFD stimulation (Fig. 4J). Accordingly, the triglyceride serum levels during 

fasting were significantly higher in lncenc1-deficient mice on HFD than those of their 

wild-type littermates (Fig. 5G). The phenotypes of lncenc1-deficient mice were similar 

to the Dicer fat-specific KO mice, which were also lean but with hypertriglyceridemia 

[39]. To explain the reason for the increase of serum TG content, We detected the 

transcriptional expression of lipoprotein lipase (Lpl) in muscle and fat (eWAT), and 

found that the expression of Lpl in muscle and fat (eWAT) decreased in 

lncenc1-deficient mice, especially significantly reduced in fat (eWAT) tissues, 

compared to the littermate controls (Fig. 5H). The defect of Lpl in the muscle and fat in 

lncenc1-deficient mice could provide a plausible mechanism to explain why 

lncenc1-deficient mice are hypertriglyceridemic in the fasted state. To examine 

whether liver steatosis was alleviated, we next examined whether lncenc1-deficient 

mice had improved liver parameters. The alanine transaminase (ALT) levels of 

HFD-fed lncenc13A/3A and lncenc1ΔE3/ΔE3 mice were significantly lower than those of 

wild-type mice (Fig. 5I-J). In summary, we conclude that the absence of lncenc1 

results in improved metabolic parameters under overnutrition conditions.  

 

3.6. AKT/mTOR-regulated lipogenesis is repressed in lncenc1-deficient mice 

The liver plays a central role in balancing glucose, lipid and amino acid uptake, 

managing whole-body metabolism and maintaining metabolic homeostasis [37]. To 
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explore the molecular mechanisms of lncenc1 deficiency-induced protection against 

hepatic steatosis, we performed RNA-seq analysis on the liver of HFD-fed wild-type 

and lncenc13A/3A mice. Differential expression analyses were conducted using 

DESeq2 (Methods for details; Table S1 for results). Between lncenc13A/3A and 

wild-type mice, 407 genes were downregulated and 601 genes were upregulated 

significantly (adjusted P ≤ 0.05) on HFD (Fig. 6A). 

The genotype-specific differences in gene expression may explain 

genotype-specific metabolic changes. Functional annotation of transcripts that were 

differentially expressed between lncenc13A/3A and wild-type livers revealed that many 

genes were involved in lipid metabolism, i.e., genes involved in lipid intake (Cd36, 

Apoe, and Fabp1/2), fatty acid oxidation (Acadm, Hadh, Ehhadh, and Acaa1b), de 

novo lipogenesis (Fasn, Scd1/2, and Elovl5), triglyceride synthesis (Mogat1, Gpam, 

Gpat2, and Agpat4), and triglyceride storage (Plin2, Cidea, and Vldlr) were 

downregulated in lncenc13A/3A under HFD conditions (Fig. 6B). The changes in their 

expression levels correlated with alleviated liver steatosis and increased circulating 

TG observed in lncenc1-deficient mice. Many genes involved in cholesterol and sterol 

synthesis were downregulated, which may explain the low cholesterol levels in 

lncenc1- deficient mice.  

Most genes involved in liver lipogenesis were significantly downregulated in 

lncenc1- deficient mice, including master regulators, such as Srebp1-c and Pparγ 

(Fig. 6C). The decrease in expression levels of these genes indicates that the activity 

of the lipid synthesis pathway was suppressed. To further explore the lipogenesis 

signals in liver, we measured AKT1/protein kinase B (PKB) and mammalian target of 

rapamycin (mTOR) activities, which are the main factors stimulating lipogenesis [40]. 

Mice with impaired mTORC1 activity have a phenotype similar to that of 

lncenc1-knockout mice. They are lighter, lean, and resistant to weight gain on HFD 

[41, 42]. As expected, the liver of lncenc13A/3A mice had reduced levels of 

phosphorylated AKT and mTORC1, suggesting inactivation of the AKT/mTOR 
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pathway (Fig. 6D). We next examined the expression levels of several essential 

genes involved in lipogenesis (CD36, Fasn, Acc1, Srebp1-c, Pparγ, Gpam, and Scd1) 

in liver by qPCR. Under HFD conditions, expression levels of lipogenic genes were 

significantly decreased in lncenc13A/3A mice compared with wild-type mice (Fig. 6E). 

The gene expression levels were also altered in other major metabolic tissues; Fasn, 

Pparγ, and Scd1 were significantly downregulated in muscle, and Acc1, Srebp1-c, 

Gpam, and Scd1 were significantly downregulated in eWAT of lncenc13A/3A mice on 

HFD (Fig. 6F). In summary, these analyses suggest that AKT/mTOR-regulated 

lipogenesis was suppressed in lncenc1-knockout mice on HFD. We found an 

impaired gluconeogenesis in lncenc13A/3A mice, which may be due to the decreased of 

Foxo1 transcription level (data wasn’t show). This explains both decreased p-AKT 

and fasting blood glucose level in lncenc1-deficient mice. 

Based on the metabolic cage experiments, the overall energy expenditure of 

lncenc1-deficient mice under HFD was similar to the WT, although it was increased at 

a few time points in the night (Fig. S4H). The food intake was not different (Fig. S4I). 

However, the expression of genes related to energy regulation in brown adipose 

tissue was slightly increased (Fig. S4G). These results suggested that the increased 

energy expenditure may contribute to reduced body weight of lncenc1-deficient mice 

after HFD but not the major mechanism. The in-depth mechanisms require further 

investigation. 

 

3.7. Metabolism Disorders of lncenc1-Deficient Mice Were of Fetal Origin 

We have previously shown that, in mESCs, lncenc1 promotes the expression of 

glycolysis-related genes by interacting with RNA-binding proteins HNRNPK and 

PTBP1 [17]. By analyzing the differentially expressed genes between control and 

lncenc1-depleted mESCs [17], metabolism-implicated pathways such as PI3K-Akt 

signaling were also affected (Fig. 7A). The expression of lncenc1 was not detected in 

metabolism tissues under both NCD and HFD conditions (Fig. S5A), suggesting that 
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the down-regulated lipogenesis was not caused by lncenc1 directly. To further explore 

the developmental origin of impaired glycolysis and AKT/mTOR-regulated lipogenesis, 

we isolated MEFs from lncenc1wt/wt or lncenc13A/3A mouse embryos at embryonic day 

(E)12.5. 

We first tested glycolytic activity. Experiments were performed in primary MEFs 

under standard culture conditions. The qPCR results showed that 5 of 16 glycolytic 

genes were significantly downregulated, and the protein levels of TPI1, ALDOC, and 

PFKP were also clearly decreased in lncenc13A/3A MEFs (Fig. 7B-C). Moreover, 

glucose uptake and lactate production, the ‘‘in” and “out’’ of glycolysis, were 

significantly decreased, indicating glycolytic activity was attenuated (Fig. 7D). 

Next, we investigated whether lncenc1 deficiency influenced 

AKT/mTOR-regulated lipogenesis at an early development stage. We first measured 

AKT/mTOR pathway activities and found that the levels of phosphorylated AKT and 

mTORC1 were decreased in lncenc1 knockdown mESCs (Fig. 7E). It has been 

reported that this signaling pathway plays a major role in early stages of adipogenesis 

[43]. Blunting AKT/mTOR signaling inhibits MEF differentiation into adipocytes [44]. 

To further confirm the activities of AKT/mTOR pathway, we induced MEFs to 

differentiate into mature adipocytes under standard differentiation conditions with 

rosiglitazone (Rosi), a high-affinity ligand for PPARγ[45, 46](Fig. 7F). The 

reprogramming of MEFs into adipocytes was impaired in lncenc1-depleted mice 

according to our Oil Red O staining results (Fig. 7F). And there is a lesion in the 

increase level of mRNA or protein of adipogenesis-related transcription factors 

(PPARγ, C/EBPα and Srebp1-c) in lncenc13A/3A MEFs during differentiation (Fig. 

7G-H). These data indicated that the AKT/mTOR pathway was already affected at an 

early developmental stage. Although AKT/mTOR signaling is a master regulator of 

aerobic glycolytic metabolism, it still subjects to reciprocal regulation by growth factors 

and nutrients such as glucose and amino acids [47, 48]. The glucose starvation 

impairs the translation of many proteins, including those related to the mTOR pathway 
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[49]. By comparing the metabolic changes in mice under NCD and HFD conditions, 

the expression of glycolytic genes decreased in muscle of lncenc1-deficient mice with 

NCD, while the differences became smaller under the HFD condition (Fig. S5D). On 

the other hand, the mTOR signaling was down-regulated under NCD in liver and 

eWAT of lncenc1-deficient mice (Fig. S5B-C). Furthermore, lipogenic genes had a 

down-regulated trend in liver and eWAT of NCD lncenc1-deficient mice, and the 

difference between the two genotypes was further enlarged once fed with HFD (Fig. 

S5E-F). 

Based on our previous report [17] and this current study, we propose that lncenc1 

promotes the transcription of glycolytic genes, which maintains cellular energy to 

activate normal AKT/mTOR signal in early embryos of wild-type mice (Fig. 7I, upper 

panel); however, lncenc1 deficiency impairs glycolysis and AKT/mTOR-regulated 

lipogenesis at an early developmental stage, and this fetal original dysregulation 

persists in adult mice, presumably through epigenetic mechanisms (Fig. 7I, lower 

panel). 

 

4. DISCUSSION 

Metabolic homeostasis is believed to be closely related to many biological 

processes, such as orderly autophagy occurrence of cells [50] and the normal 

production of metabolic intermediates [51, 52]. Furthermore, the endocrine signal 

change[53, 54], alleviated inflammation[55] and anti-aging[56, 57] may contribute to 

the establishment of new metabolic balance. 

In this study, using genetic knockout mouse models, we suggested that 

depletion of lncenc1 result in decreased glycolysis and low nutrition condition which 

further suppress AKT/mTOR-regulated lipogenesis since the embryonic stage[49]. 

Consistently, lncenc1 deficiency leads to impaired glucose homeostasis and drives a 

shift in fuel utilization at weaning. On NCD conditions, in which glucose was the main 

energy source, lncenc1-deficient mice exhibit glucose intolerance and insulin 
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resistance. Once fed with HFD, lncenc1-deficient mice became healthier and 

resisted to food-induced obesity and disorders due to decreased lipogenesis. 

Therefore, we proposed that the classical energy homeostasis is impaired in 

lncenc1-deficient mice, and a new metabolic balance is established since the 

embryonic stage (Fig. 7 I, lower panel).  

The “fetal origins of adult disease” hypothesis states that an epigenetic memory 

of poor fetal and/or infant nutrition causes permanent changes in metabolism, 

leading to increased risks for chronic metabolic diseases in adult life [5]. The 

hypothesis has been widely accepted and supported by some epidemiological and 

genetic research [6, 7]. However, evidence from functional experiments and animal 

models is still limited and the underlying molecular mechanisms are poorly 

characterized, since most metabolism genes are ubiquitously expressed and 

required for normal adult tissue development and physiology. Here, we show that 

lncenc1-knockout mice are suitable models to investigate “fetal origins of adult 

disease”, due to its embryo-specific expression pattern.  

To date, lncenc1-deficient mice represent as a metabolic reprogramming model 

in which the glycolysis and lipogenesis pathways are both impaired since the 

embryonic stage. It has been reported that lin28a- and lin28b-deficient mice also 

exhibit altered glucose metabolism, in part through the let-7-mediated repression of 

multiple components of the insulin-PI3K-mTOR pathway [8, 58]. However, the 

effects on glucose and lipid balance were not reported. Recently, functional studies 

indicated lncRNAs are closely linked to energy metabolism. For example, Blnc1 

interacts with early B-cell factor 2 (EBF2) to promote the differentiation of 

thermogenic adipocytes [5]; liver-specific lncLSTR interacts with TAR DNA-binding 

protein 43 (TDP-43), a transcriptional repressor, and reduces plasma triglyceride 

levels [59]; MUNC induces MyoD and myogenic gene expression through 

MyoD-dependent and -independent mechanisms, regulatingmuscle differentiation 

[60]; a glucagon-producing α cell enriched lncRNA, Paupar, interacts with SR 
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proteins to promote the alternative splicing of Pax6 and promote α cell development 

and function[61]. It should be noted that these studies focused on lncRNAs that are 

expressed in adult tissue, and the potential effects of lncRNA specifically expressed 

during the embryonic stage on adult energy homeostasis remain largely unknown. 

Our study provides experimental evidence for the “fetal origins of adult disease” 

hypothesis and helps in understanding the multiple roles of lncRNAs in metabolism, 

especially glucose and lipid balance. The sequence of mouse lncenc1 can be 

mapped to an intron of human LINC01331, but this gene is not expressed in human 

ES cells. Although lncenc1 itself is not well-conserved between mouse and human, 

we expected that the mechanism could be conserved, as many lncRNAs are highly 

expressed in human ES cells or the human embryo [62]. 

In this study, we demonstrate that a new metabolic balance of glucose and lipid 

is established after deletion of lncenc1. This study also provides the first piece of 

data shows that an embryo-expressed lncRNA is required for the adult metabolism 

homeostasis. However, the mechanism of how the lncenc1-dependent abnormal 

signal in early development is retained as long-lasting memories that can be 

manifested in adult life is still unclear. Further investigations need to focus on the 

epigenetic changes on early embryo after disruption of lncenc1, and the 

understanding of upstream regulators and downstream impact that are directly 

hard-wired into embryo fates. New techniques, such as patch-seq [63], could be 

powerful tools to reveal in-depth mechanisms including alternative splicing [61], 

post-translational modifications, degradation [64] and metabolites-mediated 

epigenome changes [65]. Taken together, our study provides opportunities to 

understand the physiological roles of embryo-specific lncRNAs in the adult metabolic 

homeostasis.  
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Figure legends: 

Figure 1. lncenc1 is not required for embryonic development and viability 

(A) Expression of lncenc1 in embryo (E3.5) and somatic tissues under NCD as 

measured by qRT-PCR. lncenc1 expression levels were normalized against Actb. 

Results are shown as means ± SEM of triplicates.  

(B) Dynamic lncenc1 expression during early embryo development via RNA-seq. 

(C) RNA in situ hybridization (FISH) targeting lncenc1 in mouse blastocyst stage 

embryos (E3.5d). POU5F1 was detected by Immunofluorescence. Nuclei were 

stained with DAPI. Scale bars = 5 μm. 

(D) Scheme of two genetic strategies used to knockout lncenc1 transcription. 

lncenc13A/3A mice used the premature termination (above) and lncenc1ΔE3/ΔE3 mice 

complete deleted exon 3 (below). 

(E) Expression of lncenc1 for different genotypes in mouse blastocyst as measured by 
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qRT-PCR. Expression levels were normalized against Actb. Results are shown as 

means ± SEM of triplicates. 

(F) Mendelian inheritance of lncenc13A/3A strain by heterozygote intercrosses. 

Numbers of observed and expected (in parenthesis) wild type (+/+), heterozygote (+/−) 

and homozygote (−/−) mice are indicated. Mice were genotyped at d7-d10. Statistical 

significance of Chi-square Test. 

(G) Birth weight for different genotypes of lncenc13A/3A strain. Statistical significance of 

T-Test. 

 

Figure 2. lncenc1 deficiency drives a metabolism change at weaning 

(A) Glucose tolerance test (GTT) for wild type (n = 6) and Lncenc13A/3A (n = 8) at 

four-week-old. The graph to the right quantifies the area under the curve (AUC).  

(B) Serum insulin of wild type (n = 6) and lncenc13A/3A (n = 9) under fasted condition at 

four-week-old. 

(C) The respiratory quotient (RER) measured for wild type and lncenc13A/3A mice at 

weaning age (n = 5 per genotype). The bar graph at the right side represents the AUC 

over the indicated 12 hr period. Statistical significance of T-Test: * p < 0.05. 

(D) Oxygen consumption (VO2) measured for wild type and lncenc13A/3A mice at 

weaning age (n = 5 per genotype). The bar graph at the right side represents the AUC 

over the indicated 12 hr period. Statistical significance of T-Test: * p < 0.05. 

(E-F) Oxygen consumption (VO2), carbon dioxide production (VCO2) and energy 

expenditure (EE) measured for wild type and lncenc13A/3A mice at weaning age (n = 5 

per genotype). The bar graph at the right side represents the AUC over the indicated 

12 hr period. Statistical significance of T-Test: * p < 0.05. 

 

Figure 3. lncenc1-Deficient Mice have Impaired Glucose Homeostasis Under 

NCD Conditions 

(A) Weight curves of lncenc13A/3A and littermate wild type mice under NCD (n = 6-10 
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for each genotype).  

(B) Representative images of wild type and lncenc13A/3A mice at 7-month-old. 

(C) Cumulative food consumption of lncenc13A/3A and littermate wild type mice under 

NCD, calculated from the cage average food consumption measured weekly. 

(D) Glucose tolerance test (GTT) for wild type (n = 6) and lncenc13A/3A (n = 9) at 12w. 

Data are shown as mean ± SEM. Statistical significance of T-Test: * p < 0.05, ** p < 

0.01. The graph to the right quantifies the area under the curve (AUC). 

(E) Insulin tolerance test (ITT) for wild type (n = 6) and lncenc13A/3A (n = 9) at 15w. 

Data are shown as mean ± SEM. Statistical significance of T-Test: * p < 0.05, ** p < 

0.01. The graph to the right quantifies the area under the curve (AUC).  

(F) Serum insulin levels of lncenc13A/3A and littermate wild type mice under fasted 

condition (n=6-9 for each genotype). 

(G) Determination of BAT, iWAT, eWAT, liver weights lncenc13A/3A and littermate wild 

type mice (n = 8). Data are shown as mean ± SEM. Statistical significance of T-Test. 

(H) Representative images (Scale bars, 1 cm) of BAT, iWAT, eWAT from lncenc13A/3A 

and littermate wild type mice wild type under NCD. 

(I) H&E staining (Scale bars, 100 μm) of BAT, iWAT, eWAT from lncenc13A/3A and 

littermate wild type mice wild type under NCD. 

(J) Adipocyte area of BAT, iWAT, eWAT from lncenc13A/3A and littermate wild type mice 

wild type under NCD. Data are shown as mean ± SD. Statistical significance of T-Test. 

(K) Representative images (Scale bars, 1 cm) of Liver from lncenc13A/3A and littermate 

wild type mice wild type under NCD. 

(L) TG and CHO content in liver of lncenc13A/3A and littermate wild type mice wild 

type under NCD condition. Data are shown as mean ± SEM. Statistical significance of 

T-Test. 

(M) Representative images (Scale bars, 1 cm), H&E staining (Scale bars, 100 μm) 

and Oil Red O staining (Scale bars, 200 μm) of liver from lncenc13A/3A and littermate 

wild type mice wild type under NCD. 
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(N) Expression of glycolysis genes in muscle of wild type (n = 6) and lncenc13A/3A (n = 

7). Data were normalized against Actb and are shown as mean ± SEM. Statistical 

significance of T-Test: * p < 0.05. 

(O) Protein levels of P-AMPK and AMPK in muscles from wild type and lncenc13A/3A 

mice as detected by western blot analysis. ACTB was used as the loading controls. 

 

Figure 4. Protection from Diet-Induced Obesity in lncenc1-Deficent Mice 

(A) Weight curves of lncenc13A/3A and littermate wild type mice under HFD (n = 6-12 

for each genotype). 

(B) Representative images of lncenc13A/3A and littermate wild type mice at 

7-month-old.  

(C) Cumulative food consumption of lncenc13A/3A and littermate wild type mice under 

HFD, calculated from the cage average food consumption measured weekly. 

(D) Determination of percentage of fat mass and lean mass of wild type and 

lncenc13A/3A mice using MRI (n = 5). Data are shown as mean ± SEM. Statistical 

significance of T-Test: * p < 0.05, ** p < 0.01, *** p < 0.001.  

(E) Determination of BAT, iWAT, eWAT, Liver weights from lncenc13A/3A and littermate 

wild type mice (n = 6). Data are shown as mean ± SEM. Statistical significance of 

T-Test: * p < 0.05, ** p < 0.01. 

(F and G) Representative images (Scale bars, 1 cm) and H&E staining (Scale bars, 

100 μm) of BAT, iWAT, eWAT from lncenc13A/3A and wild type mice under HFD. 

(H) Adipocyte area of BAT, iWAT, eWAT from lncenc13A/3A and littermate wild type mice 

wild type under HFD. Data are shown as mean ± SD. Statistical significance of T-Test. 

(I) Representative images (Scale bars, 1 cm) of liver from lncenc13A/3A and wild type 

mice under HFD. 

(J) TG and CHO content in liver of lncenc13A/3A and littermate wild type mice wild type 

under HFD condition. Data are shown as mean ± SEM. Statistical significance of 

T-Test. 

(K) H&E staining (Scale bars, 100 μm) and Oil Red O staining (Scale bars, 200 μm) of 
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liver from lncenc13A/3A and littermate wild type mice wild type under HFD. 

 

Figure 5. Improved metabolic parameters in lncenc1-deficent mice  

(A and B) Blood glucose, serum insulin and HOMA-IR levels of lncenc13A/3A, 

lncenc1ΔE3/ΔE3 and their littermate wild type mice under fasted condition (n=6-9 for 

each genotype). 

(C) Glucose tolerance test (GTT) for wild type (n = 8) and lncenc13A/3A mice (n = 8) at 

12w. Data are shown as mean ± SEM. Statistical significance of T-Test: * p < 0.05, ** 

p < 0.01. The graph to the right quantifies the area under the curve (AUC). 

(D) Insulin tolerance test (ITT) for wild type (n = 6) and lncenc13A/3A mice (n = 9) at 

15w. Data are shown as mean ± SEM. The graph to the right quantifies the area 

under the curve (AUC). 

(E-G) CHO2I, HDL-C, LDL-C and TRIGL levels in fasted serum of lncenc13A/3A, 

lncenc1ΔE3/ΔE3 and their littermate wild type mice under HFD treatment for 6 months 

(n=6-8 for each genotype). Data are shown as mean ± SEM. Statistical significance of 

T-Test: * p < 0.05, ** p < 0.01. 

(H) Expression of lipoprotein lipase (Lpl) in muscle and fat (eWAT) in lncenc13A/3A and 

their littermate wild type mice under HFD treatment for 6 months (n=5-7 for each 

genotype). Data are shown as mean ± SEM. Statistical significance of T-Test: * p < 

0.05. 

(I-J) ASTL and ALTL levels in fasted serum of lncenc13A/3A, lncenc1ΔE3/ΔE3 and their 

littermate wild type mice under HFD treatment for 6 months (n=6-8 for each genotype). 

Data are shown as mean ± SEM. Statistical significance of T-Test: * p < 0.05. 
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Figure 6. Impaired de novo lipogenesis activity in lncenc1-deficent mice 

(A) Heat map of livers from wild type and lncenc13A/3A mice after HFD for 6 months. 

Data are presented as log2(fold change). 

(B) Gene ontology (GO) analysis of up and down-regulated genes (FDR<0.05) in liver 

of lncenc13A/3A mice after HFD treatment. 

(C) Diagram showing the metabolism of FAs in liver. Blue labels represent 

downregulation in lncenc13A/3A mice.  

(D) Relative protein levels in liver from wild type and lncenc13A/3A mice as detected by 

western blot analysis. β-Actb was used as the loading controls. 

(E and F) Relative gene expression in liver (E), muscle and eWAT (F) from wild type 

and lncenc13A/3A mice under NCD or HFD (n=6-7 for each genotype). Data were 

normalized against Actb and are shown as mean ± SEM. Statistical significance of 

T-Test: * p < 0.05, ** P<0.01, *** P<0.001. 

 

Figure 7. Metabolism Disorders of lncenc1-Deficient Mice Were of Fetal Origin  

(A) Significantly enriched pathways (p < 0.05) of differentially expressed genes upon 

lncenc1 knockdown in ES-E14TG2a as revealed by KEGG pathway analysis. 

(B) Glycolytic gene expression in wild type and lncenc13A/3A MEFs. (n=4 for each 

genotype). Data were normalized against Actb and are shown as mean ± SEM. 

Statistical significance of T-Test: * p < 0.05. 

(C) Relative protein levels in wild type and lncenc13A/3A MEFs as detected by western 

blot analysis. β-Actb was used as the loading controls. The graph to the right 

quantifies the protein levels. Data were shown as mean ± SEM. Statistical 

significance of T-Test: * p < 0.05. 

(D) Measurements of glucose uptake and lactate production in wild type and 

lncenc13A/3A MEFs (n=3 for each genotype). Data were shown as mean ± SEM. 

Statistical significance of T-Test: * p < 0.05, ** P<0.01, *** P<0.001. 
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(E) Relative protein levels upon lncenc1 knockdown in ES-E14TG2a as detected by 

western blot analysis. β-Actb was used as the loading controls. 

(F) Scheme of reprogramming MEF into adipocyte (above) and representative images 

during reprogramming and Oil red O staining at day 6 (below) (Scale bars, 200 μm). 

(G) PPARγ protein level during reprograming as detected by western blot analysis. 

ACTB was used as the loading controls. 

(H) Lipogenic gene expression during MEFs reprogramming. Values correspond to 

the mean ± SEM (n = 3 independent MEF preparations per genotype). Statistical 

significance of T-Test: * p < 0.05, ** P<0.01, *** P<0.001. 

(I) Working model of lncenc1. 

 

Figure S1. Genotype identification and characterization of lncenc1ΔE3/ΔE3 strain 

(A and B) Scheme of genotype PCR analysis: lncenc13A/3A mice (A) and lncenc1ΔE3/ΔE3 

mice (B). Wild type (WT), heterozygote (HE) and homozygote (HO) mice are 

indicated. 

(C) lncenc1 expression in the main tissues (liver, fat, muscle) of wildtype control mice 

and two kinds of knockout mice lncenc13A/3A and lncenc1△E3/△E3. lncenc1 expression in 

embryo as the control. Values correspond to the mean ± SEM (n = 3). 

(D) Birth weight for different genotypes of lncenc1ΔE3/ΔE3 strain. Statistical significance 

of T-Test. 

(E) Mendelian inheritance of lncenc1ΔE3/ΔE3 strain by heterozygote intercrosses. 

Numbers of observed and expected (in parenthesis) wild type (+/+), heterozygote (+/−) 

and homozygote (−/−) mice are indicated. Mice were genotyped at d7-d10. Statistical 

significance of Chi-square Test. 

 

Figure S2. Metabolic characterization of lncenc1 knockout mice under NCD 

(A) Genes related to energy regulation expression in brown adipose tissue of wild 
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type and lncenc13A/3A adult mice under the NCD condition (n = 5 per genotype). 

Statistical significance of T-Test: ** p < 0.01. 

(B) Expression of energy expenditure related genes in eWAT under NCD. Values 

correspond to the mean ± SEM (n = 3). 

(C) Expression of fatty acid metabolism genes in liver. Values correspond to the mean 

± SEM (n = 3).  

(D) The respiratory quotient (RER) measured for wild type and lncenc13A/3A adult mice 

under the NCD condition (n = 5 per genotype). The bar graph at the right side 

represents the AUC over the indicated 12 hr period. Statistical significance of T-Test: * 

p < 0.05. 

(E) Physical activity measured for wild type and lncenc13A/3A mice in adult age (n = 6 

per genotype) under NCD condition. Data are shown as mean ± SEM. 

 

 

Figure S3. Phenotypes of lncenc1ΔE3/ΔE3 mice under the NCD condition 

(A) Weight curves of lncenc1ΔE3/ΔE3 and littermate wild type mice under NCD condition 

(n = 6-10 for each genotype). 

(B) Glucose tolerance test (GTT) for wild type (n = 6) and lncenc1ΔE3/ΔE3 (n = 6) at 12w 

under NCD condition. Data are shown as mean ± SEM. Statistical significance of 

T-Test: * p < 0.05, ** p < 0.01.  

(C) Insulin tolerance test (ITT) for wild type (n = 6) and lncenc1ΔE3/ΔE3 (n = 6) at 15w 

under NCD condition. Data are shown as mean ± SEM. Statistical significance of 

T-Test: * p < 0.05, ** p < 0.01, ***p < 0.001.  

(D) Determination of BAT, iWAT, eWAT, liver weights lncenc1ΔE3/ΔE3 and littermate wild 

type mice (n = 6) under NCD condition. Data are shown as mean ± SEM. Statistical 

significance of T-Test. 

(E) Representative images (Scale bars, 1 cm) of BAT, iWAT, eWAT and liver from 

lncenc1ΔE3/ΔE3 and littermate wild type mice wild type under NCD. 
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(F) H&E staining (Scale bars, 100 μm) of BAT, iWAT, eWAT and liver and Oil Red O 

staining (Scale bars, 200 μm) of liver from lncenc1ΔE3/ΔE3 and littermate wild type mice 

wild type under NCD. 

(G) Adipocyte area of BAT, iWAT, eWAT from lncenc1ΔE3/ΔE3 and littermate wild type 

mice wild type under NCD. Data are shown as mean ± SD. Statistical significance of 

T-Test. 

(H) Expression of glycolysis genes in muscle of wild type (n = 6) and lncenc1ΔE3/ΔE3 (n 

= 6) under NCD condition. Data were normalized against Actb and are shown as 

mean ± SEM. Statistical significance of T-Test: * p < 0.05. 

 

Figure S4. Phenotypes of lncenc1ΔE3/ΔE3 mice under the HFD condition 

(A) Weight curves of lncenc1ΔE3/ΔE3 and littermate wild type mice under HFD (n = 6-9 

for each genotype). 

(B) Representative images of lncenc1ΔE3/ΔE3 and littermate wild type mice at 

7-month-old. 

(C) Determination of BAT, iWAT, eWAT, Liver weights from lncenc1ΔE3/ΔE3 and 

littermate wild type mice (n=4). Data are shown as mean ± SEM. Statistical 

significance of T-Test: * p < 0.05, ** p < 0.01, *** p < 0.001. 

(D-E) Representative images (Scale bars, 1 cm) , H&E staining (Scale bars, 100 μm) 

and adipocyte area of BAT, iWAT, eWAT from lncenc1ΔE3/ΔE3 and wild type mice under 

HFD. Data were shown as mean ± SD. 

(F)Representative images (Scale bars, 1 cm), H&E staining (Scale bars, 100 μm) and 

Oil Red O staining (Scale bars, 200 μm) of liver from lncenc1ΔE3/ΔE3 and wild type mice 

under HFD. 

(G)Genes related to energy regulation in brown adipose tissue in lncenc1-deficient 

mice on HFD. Data are shown as mean ± SEM. 

(H) Energy expenditure (EE) measured for wild type and lncenc13A/3A mice in adult 

age (n = 6 per genotype) under HFD condition. Statistical significance of T-Test: * p < 

0.05. 
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(I) Cumulative food consumption of lncenc13A/3A and littermate wild type mice in adult 

age (n = 6 per genotype) under HFD condition, calculated from the cage average food 

consumption measured weekly. 

Figure S5. Metabolic changes of lncenc1 knockout mice. 

(A) lncenc1 expression in metabolism tissues under NCD and HFD condition, 

respectively. lncenc1 expression in embryo as the control. Values correspond to the 

mean ± SEM (n = 3). 

(B) Relative protein levels in wild type and lncenc13A/3A Liver under NCD as detected 

by western blot analysis. GAPDH was used as the loading controls. The graph to the 

right quantifies the protein levels. Data were shown as mean ± SEM. Statistical 

significance of T-Test: * p < 0.05, ** p < 0.01. 

(C)Relative protein levels in wild type and lncenc13A/3A eWAT under NCD as detected 

by western blot analysis. GAPDH was used as the loading controls. The graph to the 

right quantifies the protein levels. Data were shown as mean ± SEM. Statistical 

significance of T-Test. 

(D) Expression of glycolysis genes in muscle of wild type(n =6 ) and two knockout 

strains lncenc13A/3A, lncenc1ΔE3/ΔE3 (n = 6) under NCD and HFD condition, respectively.. 

Data were normalized against Actb and are shown as mean ± SEM. Statistical 

significance of T-Test: * p < 0.05. 

(E) Expression of lipid metabolic genes in liver of wild type(n = 6) and two knockout 

strains lncenc13A/3A, lncenc1ΔE3/ΔE3 (n = 6) under NCD and HFD condition, respectively.. 

Data were normalized against Actb and are shown as mean ± SEM. Statistical 

significance of T-Test: * p < 0.05. 

(F) Expression of lipid metabolic genes in eWAT of wild type(n = 6) and two knockout 

strains lncenc13A/3A, lncenc1ΔE3/ΔE3 (n = 6) under NCD and HFD condition, respectively.. 

Data were normalized against Actb and are shown as mean ± SEM. Statistical 

significance of T-Test: * p < 0.05. 
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Highlights 

1. Newly weaned mice lacking Lncenc1, an embryo-specific lncRNA, have 

metabolic changes. 

2. Lncenc1-deficient adult mice show glucose intolerance and insulin resistance 

under normal chow diet (NCD) conditions. 

3. Lncenc1 deficiency protects mice from high-fat diet (HFD)-induced obesity and 

associated metabolic dysfunctions. 

4. Glycolysis and AKT/mTOR-regulated lipogenesis are repressed in 

Lncenc1-deficient mice and mouse embryonic fibroblasts (MEFs). 
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