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Abstract

Objectives: Vascular endothelial cells (ECs) play a critical role in maintaining vascular 

homeostasis. Aberrant EC metabolism leads to vascular dysfunction and metabolic diseases. 

Transcription factor EB (TFEB), a master regulator of lysosome biogenesis and autophagy, has 

protective effects on vascular inflammation and atherosclerosis. However, the role of endothelial 

TFEB in metabolism remains to be explored. In this study, we sought to investigate the role of 

endothelial TFEB in glucose metabolism and underlying molecular mechanisms.

Approach and Results: To determine whether endothelial TFEB is critical for glucose 

metabolism in vivo, we utilized EC-selective TFEB knockout (EC-TFEB KO) and transgenic mice 

(EC-TFEB Tg) fed a high-fat diet (HFD). EC-TFEB KO mice exhibited significantly impaired 

glucose tolerance compared with control mice. Consistently, EC-TFEB Tg mice showed improved 

glucose tolerance. In primary human ECs, small interfering RNA-mediated TFEB knockdown 

blunts Akt signaling. Adenovirus-mediated overexpression of TFEB consistently activates Akt and 

significantly increases glucose uptake in ECs. Mechanistically, TFEB upregulates insulin receptor 

substrate 1 and 2 (IRS1 and IRS2). TFEB increases IRS2 transcription measured by reporter gene 

and chromatin immunoprecipitation assays. Furthermore, we found that TFEB increases IRS1 

protein via downregulation of microRNAs (miR-335, miR-495 and miR-548o). In vivo, Akt 
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signaling in the skeletal muscle and adipose tissue was significantly impaired in EC-TFEB KO 

mice and consistently improved in EC-TFEB Tg mice on HFD.

Conclusions: Our data revealed a critical role of TFEB in endothelial metabolism and suggest 

that TFEB constitutes a potential molecular target for the treatment of vascular and metabolic 

diseases.
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INTRODUCTION

Endothelial cells (ECs) line the lumen surface of blood vessels and maintain vascular 

homeostasis. EC dysfunction is prevalent in cardiovascular disease (CVD) and leads to the 

pathogenesis of atherosclerosis, hypertension and retinopathy. Emerging studies suggest a 

causal role for ECs in systemic metabolic dysregulation1. EC metabolism is involved in 

vessel sprouting2 and systemic metabolism1. Modulation of EC metabolism can markedly 

affect systemic glucose and lipid homeostasis, underscoring the critical role of endothelium 

in the regulation of whole-body metabolism1.

Transcription factor EB (TFEB) is a transcription factor containing basic helix-loop-helix 

(HLH) and leucine zipper (LZ) domains3, which was characterized as a master regulator of 

autophagy and lysosomal biogenesis4, 5. TFEB improves metabolic syndrome via 
autophagy-dependent regulation of lipid and glucose metabolism in the adipose tissue and 

liver6-10.

TFEB is required for vascularization in the placenta during mouse embryo development11. 

Recently, others and we revealed that TFEB inhibits endothelial inflammation12, 13, 

Sun et al. Page 2

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



positively regulates postischemic angiogenesis14 and controls vascular development by 

promoting EC proliferation15. However, whether endothelial TFEB can regulate systemic 

metabolism remains unknown.

In this study, utilizing EC-TFEB knockout (KO) mice and EC-TFEB transgenic (Tg) mice, 

we found that endothelial TFEB improves glucose tolerance under the high-fat diet (HFD) 

conditions. We demonstrated that TFEB activates Akt signaling and glucose uptake via 
upregulation of IRS1 and IRS2 in ECs.

MATERIALS AND METHODS

The data that support the findings of this study are available from the corresponding author 

on reasonable request. An extended version of this section is available as Supplemental 

methods in the SUPPLEMENTAL MATERIAL.

Animal experiments

All animal experiments were performed according to the guidelines of the University of 

Michigan Animal Care and Use Committee. The EC-selective TFEB transgenic (mTie2 
promoter-driven) mice (EC-TFEB Tg) (C57BL/6J background) and EC-selective TFEB 

knockout (floxed Tfeb/Ve-Cadherin Cre +) mice (EC-TFEB KO) (C57BL/6N background) 

were described as previously 14. Littermate wild-type mice were used as control mice for the 

EC-TFEB Tg mice and littermate floxed Tfeb mice were used as control mice for the EC-

TFEB KO mice. Mice were fed a normal laboratory diet (22.5% protein, 11.8% fat, and 52% 

carbohydrate by mass; Cat# 5LOD, LabDiet), or high-fat diet (60% fat, 20% carbohydrate, 

20% protein; Cat# D12492, Research Diets, New Brunswick, NJ, USA). Sex difference in 

insulin resistance was reported in humans and rodents previously. Females are more insulin 

sensitive than males16. In the present study, insulin sensitivity was altered only in the male 

EC-TFEB transgenic mice but not in the female mice. Therefore, we used male mice to 

determine the role of endothelial TFEB in glucose metabolism in this study.

Small RNA-Seq and microarray analysis

RNA was isolated with miRNeasy Mini Kit (Cat# 217004, Qiagen). The small RNA library 

preparation and deep sequencing were performed by the Advanced Genomics Core at the 

University of Michigan. Briefly, RNA quality was assessed by TapeStation RNA ScreenTape 

(Cat # 5067-5576, Agilent), and RNA abundance was quantified by Qubit RNA BR Assay 

Kit (Cat #Q10210, Thermo Fisher). Indexed small RNA libraries were prepared with NEB 

Small RNA kit with Size Selection Using Pippin Prep per protocol (NEB #E7300S) and 

sequenced on a NovaSeq 6000 platform (Illumina). Pair-end 51 bp reads were generated 

according to the manufacturer’s recommendation. On average, ~13 million reads were 

obtained for each sample. The read quality check was performed with FastQC (https://

www.bioinformatics.babraham.ac.uk/projects/fastqc/). Small RNA-Seq data were then 

analyzed using OASIS 2.017 (https://oasis.ims.bio/index.php) with the default settings. 

Differentially expressed miRNAs were identified by comparing two groups with absolute 

fold change ≥ 1.5 and adjusted p-value < 0.05. Microarray analysis of TFEB-regulated genes 

in human umbilical vein endothelial cells (HUVECs) (GEO, accession number 
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GSE108384), and RNA seq analysis of glucose transporters in human coronary artery 

endothelial cells (HCAECs) (GEO, accession number, GSE124522) were published 

previously14, 18.

miRNAs targeting IRS1 prediction

miRNAs targeting IRS1 was predicted by online bioinformatics databases: miRDB19, 

TargetScan 20 and DIANA-microT web server v5.0 21. The miRNA candidates predicted by 

at least two databases were selected for further analysis. The miRNAs that are both regulated 

by TFEB with the basal read counts above 60 from small RNA-Seq and are predicted as 

IRS1 targeting miRNAs were merged in R (version 3.6.1) to identify the potential TFEB-

regulated miRNAs targeting IRS1.

Chromatin immunoprecipitation (ChIP) assay

ChIP assays were performed using the SimpleChIP Enzymatic Chromatin IP Kit with 

Magnetic Beads (Cat# 9003S, Cell Signaling Technology) in accordance with the 

manufacturer’s protocol. The primer sequences are shown in the Major Resources Table in 

the Supplemental Materials.

ChIP-Seq data analysis

ChIP-Seq data were obtained from the GEO database (accession number GSE88894). Reads 

from the dataset were mapped to the human genome (NCBI GRCh38) with bowtie2. The 

peak calling was done with MACS2 and the reads from input served as a control. Samples 

were normalized to adjust for sequencing depth. The peaks were visualized in Integrative 

Genomics Viewer (IGV).

Statistical Analysis

All statistical analyses were performed using GraphPad Prism version 7.0 (GraphPad 

Software, San Diego, CA). Data were analyzed for normality and equal variance. Student t-

test was used to compare two groups. One-way ANOVA was used for comparisons among 

>2 groups. Two-way ANOVA was used for comparisons among >2 groups and >2 

conditions. The Bonferroni post hoc test was applied for multiple comparisons. Data are 

presented as mean ± SE of mean (SEM). A P value < 0.05 was considered statistically 

significant.

Data Sharing Statement

MicroRNA data have been deposited in NCBI Gene Expression Omnibus and are accessible 

through GEO series accession Number GSE148026 (https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE148026).

RESULTS

Endothelial TFEB attenuates systemic glucose intolerance in mice on HFD.

ECs regulate systemic glucose metabolism in vivo and EC dysfunction contributes to obesity 

and metabolic disorders1, 22. Using EC-TFEB KO mice and EC-TFEB Tg mice 
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(Supplemental Figure I A-B), we found that there is no significant difference in glucose 

tolerance and insulin sensitivity in the male EC-TFEB KO mice and EC-TFEB Tg mice on 

normal laboratory diet when compared with their respective control mice (Supplemental 

Figure II A-D). The high-fat diet (HFD) mouse model has become one of the most important 

tools for understanding the interplay of high fat diets with obesity, hyperglycemia and 

insulin resistance23. EC-TFEB KO mice on HFD exhibited worsened glucose tolerance and 

insulin sensitivity, assessed by glucose tolerance test (GTT) and insulin tolerance test (ITT) 

(Figure 1A-B). Consistently, EC-TFEB Tg mice on HFD showed improved glucose 

tolerance and insulin sensitivity compared with the control group (Figure 1C-D). However, 

there was no difference in female mice on HFD between EC-TFEB KO mice and control 

mice (Supplemental Figure II E-F). Our in vivo data indicate that endothelial TFEB 

improves glucose dysregulation upon HFD challenge, especially in male mice. In human 

coronary artery endothelial cells (HCAECs), TFEB knockdown reduced glucose uptake to 

51 ± 9% compared with the siRNA-control (siCt) group (Figure 1E). Moreover, adenovirus-

mediated overexpression of TFEB increased glucose uptake up to 2.89 ± 0.12-fold (Figure 

1F), indicating a critical role of TFEB in endothelial glucose metabolism.

TFEB increases glucose uptake via activation of Akt in ECs.

Insulin-activated Akt signaling in ECs is involved in the regulation of systemic glucose 

metabolism22,24. We tested whether TFEB regulates Akt signaling in ECs. In HCAECs, 

TFEB knockdown reduced the phosphorylation of Akt at both S473 and T308 to an average 

of 40% and 46%, respectively, when compared with siCt group (Figure 2A). Consistently, 

adenovirus-mediated overexpression of TFEB increased Akt phosphorylation at S473 and 

T308 up to 2.06 ± 0.30-fold and 1.73 ± 0.10-fold (Figure 2B). Palmitic acid (PA), a very 

common saturated fatty acid found in many diets, induces insulin resistance and type 2 

diabetes in vivo25. In the presence of PA, TFEB still increased Akt phosphorylation at both 

S473 and T308 up to 1.60 ± 0.20-fold and 1.54 ± 0.10-fold, respectively (Figure 2B), 

suggesting a promoting effect of TFEB on Akt signaling in ECs. Akt activation promotes 

glucose uptake by inducing GLUT1 plasma membrane translocation 26, 27. We found that 

LY294002, an inhibitor of phosphoinositide 3-kinase (PI3K)/Akt pathway, significantly 

attenuated TFEB-induced glucose uptake (Figure 2C), suggesting Akt is essential for TFEB 

to increase glucose uptake. GLUT1 is the major glucose transporter in ECs28, 29. We 

analyzed RNA-seq data from HCAECs available in the Gene Expression Omnibus (GEO) 

database (accession number: GSE124522)18, and revealed that GLUT1 is the major glucose 

transporter in HCAECs (Supplemental Figure III A). Although TFEB did not change 

GLUT1 expression at the protein level (Supplemental Figure III B-C), TFEB-dependent 

glucose uptake was partially abolished by GLUT1 knockdown (Figure 2D-E). Thus, our data 

suggest that Akt-GLUT1 mediates the effect of TFEB on EC glucose uptake.

TFEB activates Akt signaling via upregulation of IRS1 and IRS2.

To explore how TFEB activates Akt signaling, we re-analyzed the microarray data from 

HUVECs overexpressing TFEB14. Among the TFEB-regulated genes, insulin receptor 

substrate 2 (IRS2), which is the critical node of the insulin-Akt signaling30, was upregulated 

by TFEB in ECs (Supplemental Figure IV). Our qRT-PCR and Western blot data 

demonstrated that TFEB upregulated both mRNA and protein of IRS2 in ECs (Figure 3A-
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B). Furthermore, although the mRNA level of insulin receptor substrate 1 (IRS1), another 

important member of IRS family30 was not changed by TFEB overexpression (Figure 3A), 

IRS1 protein was significantly upregulated (Figure 3B). Consistently, there was a reduction 

of IRS2 at both mRNA and protein levels but only a reduction of IRS1 protein in TFEB-

knockdown ECs (Figure 3C-3D).

To determine whether IRS1 and IRS2 mediate the TFEB-dependent activation of Akt, we 

knocked down IRS1 and IRS2 in ECs. IRS1 knockdown partially attenuated and IRS2 

knockdown had no significant effect on the TFEB-induced Akt activation (Supplemental 

Figure V A-D). However, concurrent knockdown of IRS1 and IRS2 abolished the TFEB-

induced Akt activation, indicating an essential role of both IRS1 and IRS2 in the TFEB-Akt 

signaling axis (Figure 3E). It is well recognized that tyrosine phosphorylation enhances 

IRS1 activity31. IRS1 was immunoprecipitated and tyrosine phosphorylation was detected in 

bovine aortic endothelial cells (BAECs) overexpressing TFEB. We found that TFEB 

overexpression did not increase the tyrosine phosphorylation of IRS1 (Supplemental Figure 

VI). Therefore, in ECs, TFEB activates IRS signaling at least partially via upregulation of 

IRS1/IRS2 expression.

TFEB upregulates IRS2 at the transcriptional level.

Next, we investigated the mechanisms mediating the TFEB-dependent upregulation of IRS2. 

We analyzed chromatin immunoprecipitation sequencing (ChIP-Seq) data obtained from 

HUVEC overexpressing TFEB in the Gene Expression Omnibus (GEO) database (accession 

number GSE88894)15 and revealed a putative TFEB binding site in IRS2 promoter region 

(−65bp~−59bp) (Figure 4A). The direct binding of TFEB to the promoter of human IRS2 

was determined by Chromatin immunoprecipitation (ChIP) assays (Figure 4B). Using a 

luciferase reporter gene driven by a 500 bp IRS2 promoter region (−440bp~+59bp), we 

found that TFEB activates the IRS2 promoter activity. The deletion of the TFEB binding site 

(−65bp~−59bp) abolished the TFEB-induced luciferase activity (Figure 4C).

TFEB increases IRS1 protein via miRNAs.

TFEB increases IRS1 protein but not its mRNA. ChIP-seq analysis suggests that there is no 

TFEB binding site in the human IRS1 promoter region (Supplemental Figure VII). To 

determine whether TFEB affects IRS1 protein stability, we treated the cells with 

cycloheximide (CHX) to inhibit de novo protein synthesis. Our data suggest that TFEB has 

no effect on the IRS1 protein stability in ECs (Supplemental Figure VIII A-B). MicroRNAs 

(miRNA) target mRNA and modulate its translation process32. We did small RNA 

sequencing and identified 176 small RNAs showing differential expression between TFEB 

overexpression and control in HCAECs, including 116 miRNAs, 31 Piwi-interacting RNA 

(piRNA), 6 predicted miRNAs and other small RNAs (Supplemental Figure IX A-B). Nine 

candidate miRNAs regulated by TFEB were further predicted to target IRS1 using miRDB 

prediction database19, TargetScan20 and DIANA-microT web server v5.021 (Figure 5A). 

Among the candidate miRNAs, only miR-335-3p, miR-495-3p and miR-548o-3p were 

consistently regulated by altered TFEB levels (overexpression or knockdown) in ECs, as 

determined by qRT-PCR (Figure 5B-C). To assess whether these miRNAs mediate the 

TFEB-dependent increase in IRS1 protein expression, we treated ECs with miRNA mimics. 
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miR-335-3p, miR-495-3p and miR-548o-3p mimics significantly attenuated TFEB’s effect 

(Figure 5D-F). Noteworthy, miR-335-3p, miR-495-3p and miR-548o-3p mimics did not 

change IRS1 mRNA (Supplemental Figure IX C-E). We constructed a luciferase reporter 

containing the 3’ UTR fragment (1 kb) of IRS1 mRNA, which includes a binding site of 

miR-335-3p, miR-495-3p, miR-548o-3p, respectively. We found that miR-495-3p mimic can 

partially abolish the TFEB-dependent effects on IRS1 protein expression (Supplemental 

Figure X). Collectively, our data suggest that TFEB regulates IRS1 at a post-transcriptional 

level via miRNAs.

Endothelial TFEB increases insulin sensitivity in the skeletal muscle and adipose tissue.

Insulin/Akt signaling in ECs affects insulin signaling in peripheral tissues, particularly in 

metabolic tissues, thereby regulating systemic insulin sensitivity and glucose tolerance in the 

whole body33, 34. We tested Akt signaling in the liver, adipose tissue and skeletal muscle. 

Akt phosphorylation was significantly impaired in the adipose tissue and skeletal muscle 

from the EC-TFEB KO mice compared with the control mice on HFD (Figure 6A-6B). 

Consistently, Akt signaling was improved in the adipose tissue and skeletal muscle from the 

EC-TFEB Tg mice on HFD (Supplemental Figure XI A-B). However, there was no 

significant difference in Akt phosphorylation in the liver from EC-TFEB KO and Tg mice 

on HFD (Supplemental Figure XI C-D). Endothelial IRS2 was reported to promote Insulin 

secretion35. However, there was no significant changes in serum insulin concentration in EC 

TFEB KO mice on HFD when compared with control mice (P =0.0847, Supplemental 

Figure XII).

Insulin flux across ECs to muscle cells is essential for insulin action in vivo36-38. To explore 

whether TFEB influences insulin transport across ECs, we measured fluorescein 

isothiocyanate-labeled insulin (FITC-insulin) uptake and transport in ECs in vitro. We found 

that TFEB significantly increases not only insulin uptake in ECs (Supplemental Figure XIII 

A) but also insulin transport across ECs (Supplemental Figure XIII B). Our data indicate that 

endothelial TFEB may increase insulin sensitivity of skeletal muscles and adipose tissues via 
enhancing insulin transport across ECs.

We also determined the expression of IRS1, IRS2, miR-335-3p and miR-495-3p in skeletal 

muscle and epidydimal adipose tissue from EC-TFEB KO and EC-TFEB Tg mice on high-

fat diet. In adipose tissue and skeletal muscle, there was no significant difference in the 

expression of miR-335-3p and miR-495-3p (Supplemental Figure XIV) and IRS1 and IRS2 

(Supplemental Figures XV and XVI) in EC-TFEB KO and EC-TFEB Tg mice when 

compared with their respective control mice. miR-548o has no homolog in mice39 for which 

its expression could not be addressed in these mouse samples. Moreover, no significant 

differences in the expression of PGC1α, GLUT4 and the ratio of LC3 II /LC3 I were 

observed in the skeletal muscle from EC-TFEB KO mice, EC-TFEB Tg mice when 

compared with their respective control mice (Supplementary Figure XVI). Increased 

oxidative stress is associated with insulin resistance, particularly in skeletal muscle40, 41. We 

measured the ROS levels in mouse skeletal muscle by dihydroethidium (DHE) staining. EC-

TFEB KO did not significantly alter the ROS levels in skeletal muscle (Supplemental Figure 

XVII). We also measured IRS1 phosphorylation at Ser307, which is responsive to ROS 
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stimulation42 and promotes insulin sensitivity in mice43. In skeletal muscle, EC-TFEB KO 

did not affect the Ser307 phosphorylation of IRS1 (Supplemental Figure XVIII).

DISCUSSION

In the present study, we demonstrated that TFEB enhances Akt signaling in ECs and 

metabolically active tissues and improves glucose tolerance in vivo. TFEB activates Akt 

signaling via the upregulation of IRS1 and IRS2 through distinct mechanisms in ECs. 

(Figure 6C).

TFEB regulates genes involved in lipid catabolism through peroxisome proliferator-activated 

receptor alpha (PPAR-α) and peroxisome proliferator-activated receptor gamma coactivator 

1-alpha (PGC-1α) and reduces lipid accumulation in an autophagy-dependent manner in the 

liver6. Physical activity induces TFEB translocation into the myonuclei and further increases 

glucose uptake and mitochondrial biogenesis in skeletal muscles44. Moreover, TFEB 

activators ameliorate metabolic syndrome via autophagy in the liver and adipose tissue8, 9. 

Conversely, TFEB activity can be regulated by metabolic conditions. TFEB is induced to 

translocate into nuclei by starvation in the liver6 and TFEB activity is decreased in human 

islets from T2D donors12, suggesting a crosstalk between TFEB and metabolism in 

metabolically active tissues.

There are more than one trillion ECs in human body, directly contacting with blood and 

mediating the nutrient sensing of organs1. The endothelium is a metabolically active organ 

that plays a crucial role in both vascular homeostasis and systemic metabolism45. In 

endothelial cells, numerous genes, including CD36, PPARγ, IRS2, have been proven to 

regulate systemic glucose level1, 22, 33, 46, 47. At this moment, it is a challenge to dissect 

detailed mechanisms by which altered EC function affects glucose metabolism in peripheral 

tissues in vivo33, 47-49. We will explore the role and detailed mechanisms of TFEB in the 

crosstalk between ECs and metabolically active tissues in follow-up studies. TFEB is 

responsive to environmental nutrient changes. Under diabetic conditions, TFEB is 

phosphorylated and its activity was found to be decreased in ECs12. That may be the reason 

why the phenotype can only be observed in mice after high-fat diet feeding in our study.

Insulin/Akt signaling in ECs is of importance in the regulation of metabolism in peripheral 

tissues22. In the present study, we found that TFEB activates Akt phosphorylation and 

increases glucose uptake in ECs. On the other hand, Akt can phosphorylate TFEB at Ser467 

and inhibit TFEB nuclear translocation in human cervical cancer cell line Hela50. Another 

study found that under glucose deprivation conditions, mTORC2-Akt-mediated inactivation 

of GSK3β leads to TFEB nuclear retention in human colorectal adenocarcinoma cell line 

HT2951. Therefore, there might be a cross talk between TFEB and Akt, through which cells 

adapt to varying environmental changes and maintain homeostasis. Loss of endothelial 

insulin receptor (IR) causes a functional delay of systemic insulin action34. Likewise, 

endothelial IRS1 and IRS2 double KO mice showed impaired Akt signaling in skeletal 

muscles33. In the present study, we found that endothelial TFEB activates Akt signaling via 
the upregulation of IRS1 and IRS2 and enhances insulin/Akt signaling in skeletal muscles 

and adipose tissues. IRS1 and IRS2 are the critical mediators for insulin signaling 
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pathway26. Loss of IRS1 or IRS2 in different tissues will result in metabolic disorders in 

mice30. In ECs, IRS1 or IRS2 KO causes insulin resistance and accelerates 

atherosclerosis33, 52. IRS1 overexpression in ECs enhances wound healing in diabetes53. 

Collectively, endothelial IRS1 and IRS2 have critical roles in both metabolic disorders and 

vascular diseases.

In endothelial IRS2 KO mice, insulin/Akt/eNOS signaling is impaired in ECs, which 

reduces capillary recruitment, insulin delivery and insulin secretion33. In our study, IRS1/

IRS2/Akt signaling was enhanced by TFEB in ECs. However, insulin concentration was not 

significantly reduced in EC-TFEB KO mice after glucose challenge. Insulin flux across ECs 

to muscle cells is a rate-limiting process essential for insulin action in vivo36-38. Endothelial 

Akt activation increases insulin transport from the vascular lumen to the tissue 

interstitium37, 38, 54. Our data show that TFEB activates Akt phosphorylation in ECs (Figure 

2A-B). Meanwhile, TFEB significantly increases insulin uptake in ECs and its transport 

across ECs (Supplemental Figure XIII), revealing a mechanism that mediates the improved 

insulin sensitivity in peripheral tissues induced by endothelial TFEB. The contribution of 

interstitial insulin in skeletal muscle and adipose tissues warrant future studies.

In the liver, we did not find significant changes in Akt signaling (Supplemental Figure XI C-

D). Hepatic endothelial cells are fenestrated, forming the multiple gaps in the capillaries. In 

comparison, endothelium in adipose tissue and skeletal muscle is continuous1. Therefore, 

insulin may freely shuttle from circulation to the interstitium of the liver, resulting in no 

difference in Akt signaling in the liver between genetically engineered EC-TFEB transgenic 

mice and control mice.

GLUT1 appears to be the predominant glucose transporter in ECs28, 29. Our data 

demonstrated that GLUT1 knockdown significantly attenuates TFEB-induced glucose 

uptake in HCAECs (Figure 2D-E), indicating that GLUT1 is essential for TFEB-dependent 

glucose uptake. A previous study demonstrated that TFEB in skeletal muscles upregulates 

GLUT1 expression44. However, in our study, we found that TFEB does not affect GLUT1 

protein expression in ECs (Supplemental Figure III B-C). GLUT1 translocation to the 

plasma membrane could be a potential mechanism mediating the TFEB-dependent glucose 

uptake, which warrants further investigation.

IRS2 is regulated by multiple transcription factors, including transcription factor E3 

(TFE3)55, sterol regulatory element-binding proteins (SREBPs)56, hypoxia-inducible 

factor-2α (HIF-2α)57, cAMP-responsive element binding protein(CREB)58 and forkhead 

box O 3a (FoxO3a)59. We found that TFEB regulates IRS2 expression at the transcriptional 

level. Both TFE3 and TFEB belong to MITF family60 and TFEB interacts with TFE3 in 

adipocytes61. Thus, TFEB may form heterodimers with TFE3 to regulate IRS2 expression in 

ECs.

Currently, it is already known that TFEB can regulate numerous protein-coding genes, like 

autophagy and lysosome genes and anti-oxidant genes4, 5, 10, 13, 62. However, whether TFEB 

regulates miRNAs remains largely unknown. In the present study, we performed small RNA 

sequencing in ECs and identified 122 miRNAs regulated by TFEB. It has been reported that 
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IRS1 protein expression can be regulated by several miRNAs63, 64. In our study, we found 

that TFEB decreases miR-335-3p, miR-495-3p and miR-548o-3p, thereby mediating the 

TFEB-dependent upregulation of IRS1 protein. We further found that at least miR-495-3p 

mimic can antagonize the effects of TFEB on the expression of the IRS1 3’UTR-luciferase 

reporter (Supplemental Figure X). Using miRDB prediction, we found that miR-495-3p only 

has one binding site (251-257bp), miR-335-3p has 2 binding sites (498-504bp,1486-1492bp) 

and miR-548o-3p has 3 binding sites (470-476bp, 2310-2316bp, 2341-2347bp) within 4960 

bp in the IRS1 3’UTR. We cannot exclude that miR-335-3p and miR-548o-3p may bind to 

multiple sites in the 3’UTR of IRS1 mRNA to repress IRS1 translation. Of note, from the 

small RNA seq analysis, miR-216-3p, miR-21-5p and let-7i-5p are the top-three highly 

expressed miRNAs in ECs. In addition, we found that miR-486-5p is highly upregulated by 

TFEB with high abundance in ECs. miR-486-5p from human endothelial colony forming 

cell-derived exomes attenuates ischemic kidney injury in mice65. Whether this miRNA 

mediates the effects of TFEB on ECs warrants future investigation.

Although TFEB upregulates IRS1, IRS2 and LC3-II/LC3-I14, and suppresses microRNAs 

(miR-335-3p, miR-495-3p and miR-548o-3p) in ECs, altered endothelial TFEB did not 

change the expression of these genes in skeletal muscle and adipose tissue. ECs are only a 

fraction of the cells within these tissues. The gene expression changes in ECs may not 

significantly affect the gene expression in the tissue. In addition, endothelial TFEB-

dependent activation of Akt in adipose tissue and skeletal muscle may result from 

phosphorylation of IRS1/IRS2 in these tissues. Although no effect of TFEB on IRS1 Ser307 

was observed, we cannot exclude a possible impact of TFEB on other IRS1 phosphorylation 

sites. The underlying mechanisms through which EC-TFEB regulates IRS1/IRS2 

phosphorylation in skeletal muscle and adipose tissues will require extensive future studies.

Sex differences in insulin resistance were reported in humans and rodents previously. 

Females are more insulin sensitive than males16. In the current study, we observed improved 

insulin sensitivity in male EC-TFEB Tg mice and impaired insulin sensitivity in male EC-

TFEB KO mice when compared with their respective control mice. However, there was no 

significant difference in insulin sensitivity in the genetically engineered EC-TFEB female 

mice. Higher insulin sensitivity, different energy partitioning and the features of glucose or 

lipid metabolism in the female may contribute to the sex differences16. Sex steroid hormone 

estrogen protects against insulin resistance through reducing food intake, attenuating 

inflammatory response and promoting lipolysis, which may also partially explain the sex 

differences66. The mechanism mediating the TFEB-dependent sex differences and possible 

contribution of estrogen to the insulin sensitivity in female mice warrant future investigation.

In this study, we used EC-TFEB Tg and KO mice to test the hypothesis. VE-Cadherin and 

mTie2 are not only expressed in ECs, but also expressed in blood monocytes and bone 

marrow-derived hematopoietic cells67, 68. Of note, our previous study suggests that there is 

no significant increase in TFEB expression in peritoneal or bone marrow-derived 

macrophages in EC-TFEB Tg mice13. Altogether, our studies give a new insight into the 

roles of endothelial TFEB in the systemic glucose regulation and the interaction between 

ECs and the peripheral metabolic tissues.
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Akt AKT serine/threonine kinase
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EC-TFEB Tg endothelial cell-selective TFEB transgenic

GLUT1 glucose transporter 1

GTT glucose tolerance test

HCAECs human coronary artery endothelial cells

HFD high fat diet

IRS1 insulin receptor substrate 1

IRS2 insulin receptor substrate 2

ITT insulin tolerance test
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Highlights

Endothelial TFEB improves systemic glucose tolerance in mice.

TFEB activates Akt signaling via upregulation of IRS1 and IRS2.

TFEB increases IRS2 at the transcriptional level and upregulates IRS1 protein through 

downregulation of miRNAs.
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Figure 1. Endothelial transcription factor EB (TFEB) improves systemic glucose tolerance in 
male mice on high fat diet (HFD).
Male endothelial TFEB genetically engineered transgenic mice on HFD were subjected to 

insulin tolerance test (ITT) or glucose tolerance test (GTT). A-B, EC-TFEB knockout (KO) 

and control mice were fed an HFD for 26 weeks. A, ITT (insulin, 1 U/kg) and its area under 

the curve (AUC) (n=7-9/each group). B, GTT (glucose, 1 g/kg) via intraperitoneal injection 

and its AUC (n=7-9/each group). C-D, EC-TFEB Tg mice and control mice were fed HFD 

for 20 weeks. C, ITT (insulin, 1 U/kg) and its AUC (n=11/each group). D, GTT (glucose, 1 

g/kg) and its AUC in (n=11/each group). E, Human coronary artery endothelial cells 

(HCAECs) were transfected with siRNA-control (siCt, 25 nM) or siRNA-TFEB (siTFEB, 25 

nM) for 48 hours, and then incubated with 1mM 2-deoxyglucose for 40 minutes. Glucose 

uptake in ECs was measured by Glucose Uptake-Glo assay (n=4/each group). F, HCAECs 

were infected with adenovirus encoding LacZ (Ad-LacZ; multiplicity of infection [MOI], 
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10) or TFEB (Ad-TFEB, 10 MOI). Forty-eight hours later, glucose uptake was measured as 

in E (n=4/each group). Data are presented as mean ± SEM. Left panels in A, B, C and D 
were analyzed by 2-way ANOVA followed by Bonferroni test. Right panels for AUC in A, 

B, C and D used unpaired Student’s t-test; Data in E and F used unpaired Student’s t-test. 

*P <0.05, **P <0.01.
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Figure 2. Transcription factor EB (TFEB) activates AKT serine/threonine kinase (Akt) signaling 
in endothelial cells (ECs).
A, Human coronary artery endothelial cells (HCAECs) were transfected with siRNA-control 

(siCt; 25 nM) or siRNA-TFEB (siTFEB; 25 nM) for 48 hours. The phosphorylation of Akt 

was determined by Western blot from four independent experiments. B, HCAECs were 

infected with Ad-LacZ (10 MOI) or Ad-TFEB (10 MOI). After twenty-four hours, cells 

were treated with palmitic acid (PA; 200 μM). Twenty-four hours later, the phosphorylation 

of Akt was determined by Western blot from four independent experiments. C, HCAECs 

were infected with Ad-LacZ (10 MOI) or Ad-TFEB (10 MOI). After thirty-six hours, cells 

were treated with LY294002 (50 μM) for 12 hours. Glucose uptake was measured by 

Glucose Uptake-Glo Assay (n=5/each group). D-E, HCAECs were transfected with siCt (25 

nM) or siRNA- glucose transporter 1 (siGLUT1; 25nM). Twenty-four hours later, cells were 

infected with Ad-LacZ or Ad-TFEB (10 MOI) for forty-eight hours. D, GLUT1 protein was 

determined by Western blot (n=3/each group). E, glucose uptake was measured by Glucose 

Uptake-Glo Assay (n=4/each group). Data are presented as mean ± SEM. Data in A, B and 

D used unpaired Student’s t-test. Data in C and E were analyzed by 2-way ANOVA 

followed by Bonferroni test. *P <0.05, **P <0.01.
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Figure 3. Transcription factor EB (TFEB) activates the AKT serine/threonine kinase (Akt) 
signaling pathway by upregulating insulin receptor substrate 1 (IRS1) and insulin receptor 
substrate 2 (IRS2).
A-B, Human coronary artery endothelial cells (HCAECs) were infected with Ad-LacZ (10 

MOI) or Ad-TFEB (10 MOI). Forty-eight hours later, mRNA and protein of IRS1 and IRS2 

were determined by quantitative reverse transcription-polymerase chain reaction (qRT-PCR) 

(A, n=3/each group) and Western blot (B; four independent experiments), respectively. C-D, 
HCAECs were transfected with siCt (25 nM) or siTFEB (25 nM) for 48 hours. The relative 

mRNA level and protein abundance of IRS1 and IRS2 were determined by qRT-PCR (C; 

n=6/each group) and Western blot (D; four independent experiments), respectively. E, 

HCAECs were transfected with siCt (50 nM) or co-transfected with siRNA-IRS1 (siIRS1, 

25 nM) and siRNA-IRS2 (siIRS2, 25 nM). Twenty-four hours later, the cells were infected 

with Ad-LacZ (10 MOI) or Ad-TFEB (10 MOI). Forty-eight hours later, the phosphorylation 

of Akt was determined by Western blot from four independent experiments. Data are 

presented as mean ± SEM; Data in A, B, C, D used unpaired Student’s t-test. Data in E were 

analyzed by 2-way ANOVA followed by Bonferroni test. *P <0.05, **P <0.01.
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Figure 4. Transcription factor EB (TFEB) upregulates insulin receptor substrate 2 (IRS2) 
expression at the transcriptional level.
A, Chromatin immunoprecipitation sequencing (ChIP-seq) data were obtained from the 

Gene Expression Omnibus (GEO, accession number GSE88896) and were analyzed for 

TFEB binding peaks in the promoter of human IRS2 gene. B, Human coronary artery 

endothelial cells (HCAECs) were infected with Ad-LacZ (20 MOI) or Ad-Flag TFEB (20 

MOI) for 48 hours. The binding of TFEB to the IRS2 promoter was measured by ChIP 

assays using the antibody against Flag (n=3/each group). C, Hela cells were used as a tool 

for the reporter gene assay. The cells were transfected with pGL4.10 Luciferase reporters 

driven by wild type (WT, 500 bp IRS2 promoter region: −440bp~+59bp) or deletion (del, 

−65 bp~−59 bp deletion corresponding to the TFEB binding site) form of IRS2 promoter for 

6 hours, and then the cells were infected with Ad-LacZ (10 MOI) and Ad-TFEB (10 MOI). 

Forty-eight hours later, luciferase activity was measured and normalized by Renilla activity 

(n=8/each group). Data in B and C are presented as mean ± SEM; **P <0.01 using 2-way 

ANOVA followed by Bonferroni test.
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Figure 5. Transcription factor EB (TFEB) increases insulin receptor substrate 1 (IRS1) 
expression via microRNAs (miRNAs).
A, Human coronary artery endothelial cells (HCAECs) were infected with Ad-LacZ (10 

MOI) or Ad-TFEB (10 MOI). Forty-eight hours later, miRNA abundance was determined by 

small RNA sequencing. The miRNAs targeting IRS1 were predicted by miRDB, TargetScan 

and DIANA-microT web server v5. The miRNAs that target IRS1, which are also regulated 

by TFEB, are shown in the dot plot (n=4/each group). B, HCAECs were infected with Ad-

LacZ (10 MOI) or Ad-TFEB (10 MOI). Forty-eight hours later, the miRNAs targeting IRS1 

were analyzed by quantitative reverse transcription-polymerase chain reaction (qRT-PCR; 

n=5/each group). C, HCAECs were transfected with siCt (25 nM) or siTFEB (25 nM) for 48 

hours. The miRNAs targeting IRS1 were analyzed by qRT-PCR (n=5/each group). D-F, 

HCAECs were transfected with miR-335-3p, miR-495-3p or miR-548o-3p mimics (30 nM/

each siRNA). Twenty-four hours later, the cells were infected with Ad-LacZ (10 MOI) or 

Ad-TFEB (10 MOI). After 48 hours, the IRS1 protein was determined by Western blot and 

quantitatively analyzed from three independent experiments. Data are presented as mean ± 

SEM. Data in B and C used unpaired Student’s t-test. Data in D-F were analyzed by 2-way 

ANOVA followed by Bonferroni test. *P <0.05, **P <0.01.
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Figure 6. Endothelial transcription factor EB (TFEB) KO impairs AKT serine/threonine kinase 
(Akt) signaling in the skeletal muscle and adipose tissue.
Male EC-TFEB KO mice were fed a high fat diet (HFD) for 26 weeks. After fasting 

overnight, the mice were administered insulin (5 U/kg, i.p.). Ten minutes later, tissues were 

harvested for the analysis of Akt signaling. A-B, the phosphorylation of Akt in the adipose 

tissue (A) and skeletal muscle (B) of EC-TFEB KO mice was determined by Western blot 

and quantitatively analyzed (n=3-4/each group). Data in A-B are presented as mean ± SEM; 

**P <0.01 using 2-way ANOVA followed by Bonferroni test. C, Schematic diagram: 

endothelial TFEB upregulates insulin receptor substrate 2 (IRS2) at the transcriptional level 

and increases insulin receptor substrate 1 (IRS1) protein via downregulation of miRNAs, 

leading to activation of Akt signaling and glucose uptake in ECs. Endothelial TFEB improve 

systemic glucose tolerance in vivo.
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