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IRF-1 mediates the suppressive effects of mTOR inhibition on 
arterial endothelium
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Anthony G. Passerini4, Scott I. Simon4, ChongXiu Sun1,2,*

1Key Laboratory of Targeted Intervention of Cardiovascular Disease, Collaborative Innovation 
Center for Cardiovascular Disease Translational Medicine, Nanjing Medical University, Nanjing, 
China

2Key laboratory of Human Functional Genomics of Jiang Province, Nanjing, China

3Department of Cardiology, The affiliated Sir Run Run Hospital of Nanjing Medical University, 
Nanjing, China

4Department of Biomedical Engineering, University of California Davis, Davis CA

Abstract

Aims—Mammalian target of rapamycin (mTOR) inhibitors used in drug-eluting stents (DES) to 

control restenosis have been found to delay endothelialization and increase incidence of late-stent 

thrombosis through mechanisms not completely understood. We revealed that mTOR inhibition 

(mTORi) upregulated the expression of cell growth suppressor IRF-1 in primary human arterial 

endothelial cells (HAEC). This study aimed to examine how mTOR-regulated IRF-1 expression 

contributes to the suppressive effect of mTORi on arterial endothelial proliferation.

Methods and Results—Western blotting, quantitative PCR, and a dual-luciferase reporter 

assay indicated that mTOR inhibitors rapamycin and torin 1 upregulated IRF-1 expression and 

increased its transcriptional activity. IRF-1 in turn contributed to the suppressive effect of mTORi 

by mediating HAEC apoptosis and cell cycle arrest in part through upregulation of caspase 1 and 

downregulation of cyclin D3, as revealed by CCK-8 assay, Annexin V binding assay, measurement 

of activated caspase 3, BrdU incorporation assay, and matrigel tube formation assay. In a mouse 

model of femoral artery wire injury, administration of rapamycin inhibited EC recovery, an effect 

alleviated by EC deficiency of IRF-1. Chromatin immunoprecipitation assay with HAEC and 

rescue expression of wild type or dominant-negative IRF-1 in EC isolated from Irf1−/− mice 

confirmed transcriptional regulation of IRF-1 on the expression of CASP1 and CCND3. 
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Furthermore, mTORi activated multiple PKC members, among which PKCζ was responsible for 

the growth-inhibitory effect on HAEC. Activated PKCζ increased IRF1 transcription through 

JAK/STAT-1 and NF-κB signaling. Finally, overexpression of wild type or mutant raptor incapable 

of binding mTOR indicated that mTOR-free raptor contributed to PKCζ activation in mTOR-

inhibited HAEC.

Conclusions—The study reveals an IRF-1-mediated mechanism that contributes to the 

suppressive effects of mTORi on HAEC proliferation. Further study may facilitate the 

development of effective strategies to reduce the side effects of DES used in coronary 

interventions.
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endothelium; cell proliferation; transcription factor; drug-eluting stents; mTOR

1. Introduction

Endovascular implantation of drug-eluting stents (DES) represents one of the most effective 

therapies for treating coronary artery lesions. Compared with conventional bare metal stents 

(BMS), DES significantly alleviates in-stent restenosis through suppression of smooth 

muscle cell (SMC) proliferation and migration. However, due to the non-specific inhibition 

of both SMC and endothelial cells (EC) lining the artery, DES may promote adverse arterial 

responses such as delayed endothelialization, thus increasing the incidence of late-stent 

thrombosis, which has been observed as long as five years after placement. Though 

relatively uncommon, when present it significantly raises the risk of heart attack and 

mortality [1–3]. This highlights the necessity to develop strategies to specifically promote 

endothelial proliferation and thereby enhance endothelialization of the stented artery.

Rapamycin and its analogue everolimus, are the predominant anti-proliferation agents used 

in DES. Rapamycin (also known as sirolimus), was isolated as a natural anti-inflammatory 

macrolide antibiotic [4]. Its known target, mammalian target of rapamycin (mTOR), is an 

evolutionarily conserved serine/threonine kinase [5]. It interacts with several proteins to 

form two complexes, mTOR complex 1 (mTORC1) and mTORC2. In addition to mTOR, 

mTORC1 contains raptor and pras40, and controls protein synthesis, cell proliferation and 

growth through phosphorylation of downstream effectors S6 kinase 1 and 4E-binding 

protein-1 (4EBP-1). Rictor, mSin1 and protor1/2 are specific to mTORC2, which is 

responsible for the regulation of cytoskeletal organization and cell survival through 

activation of the AGC kinase subfamily such as protein kinase Cα (PKCα), protein kinase B 

(AKT), and serum- and glucocorticoid-induced kinase 1 (SGK1).

Consistent with the involvement of mTOR signaling in regulating physiological and 

pathological cellular proliferation, mTOR inhibitors cause cell cycle arrest [6, 7] or 

apoptosis [8, 9] through different mechanisms, and have been widely applied in the 

intervention of diseases. In addition to prevention of coronary artery in-stent restenosis, 

rapamycin has been used as an immunosuppressant in autoimmune diseases or for treatment 

of cancer.
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Rapamycin, binds to FK-506-binding protein 12 (FKBP12) inside the cell and acutely 

inhibits mTORC1 by disrupting the association between mTOR and raptor [10]. It has been 

recognized that chronic treatment with rapamycin also disrupts mTOR2 signaling [11]. In 

addition to rapamycin, a new class of ATP-competitive mTOR inhibitors, such as torin 1, 

which inhibit both mTOR complexes have been synthesized and approved for clinical trials 

for cancer [12].

Interferon regulatory factor 1 (IRF-1) was originally identified as a type I interferon-

activating transcription factor. IRF-1 protein is constitutively expressed at a low level in the 

cells with a short half-life; however, upon a variety of stimuli such as cytokines, infections 

and IFNs, its expression is dramatically upregulated, mainly at the transcriptional level [13]. 

Studies in tumor cells have identified IRF-1 as a growth suppressor that targets a set of genes 

associated with regulation of cell cycle and apoptosis. For example, IRF-1 was reported to 

upregulate expression of growth-suppressive genes such as p21 [14, 15], p27 [15], caspase1 

[15, 16], and p53 upregulated modulator of apoptosis (PUMA) [17], and to downregulate 

growth-promoting genes such as cyclin D1 [18], CDK4 [18], CDK2 [19] and surviving [14]. 

However, the role of IRF-1 in eliciting EC suppression caused by mTOR inhibition (mTORi) 

has never been reported, and could have implications for understanding and preventing stent 

failure.

Recently, we reported that mTORi upregulated IRF-1 expression in cytokine-stimulated 

primary human arterial endothelial cells (HAEC) [20]. Here, we have tested the hypothesis 

that IRF-1 upregulation mediates the anti-proliferative effects of mTORi on HAEC. We 

reveal that mTORi activated PKCζ, which transactivated IRF1 through STAT-1 and NF-κB 

pathways. Increased IRF-1 in turn elicited apoptosis and cell cycle suppression in HAEC by 

regulating caspase 1 and cyclin D3 expression, respectively. These results may elucidate new 

targets to reduce the unintended effects of rapamycin on endothelium associated with 

complications of DES.

2. Methods

Detailed methods and materials are available in the online supplementary file.

2.1 Cell culture and treatment

Primary HAEC were purchased from the American Type Culture Collection (Manassas, VA) 

and maintained in Endothelial Growth Medium-2 (Lonza) supplemented with 10% fetal 

bovine serum (FBS) (Gibco). Experiments were performed with cells from passage 4 to 9. 

Unless otherwise noted, HAEC without serum starvation were incubated with 1–10nM 

mTOR inhibitors rapamycin (Sigma-Aldrich) or torin 1 (Cell Signaling Technology) for 2h 

for real-time PCR to measure mRNA, for 4h for Western blotting to detect protein level, or 

for 16h for BrdU incorporation assay to examine cell cycle, CCK-8 assay to measure cell 

proliferation and flow cytometry analyses to detect apoptosis.
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2.2 Cell transfection

siRNA or plasmid was transfected into HAEC using Lipofectamine 2000 (ThermoFisher 

Scientific) or 4D-Nucleofector system (Lonza) according to the manufacturers’ instructions. 

At 48–96h post-transfection, HAEC were treated and analyzed.

2.3 Western blotting

HAEC were lysed and protein concentrations measured. Proteins were separated with SDS-

PAGE and transferred to a PVDF membrane (Millipore). After blocking, incubation with 

primary and HRP-conjugated secondary antibodies, the target protein bands were visualized 

with ECL and a digital gel image analysis system (Tanon, Shanghai, China). For 

phosphorylated protein detection, the same membrane was reprobed for total protein after 

incubation with stripping buffer (ThermoFisher Scientific). Representative images from at 

least three independent experiments are shown in the figures.

2.4 Detection of mTOR-bound and mTOR-free raptor

Raptor in the whole HAEC cell lysate before and after immunoprecipitation with anti-

mTOR antiboby (Abcam) was analyzed with Western blotting. mTOR-bound raptor was 

calculated by subtraction of mTOR-free raptor from total raptor.

2.5 Quantification of mRNA

The procedure was performed as previously described [20]. Briefly, total RNA was extracted 

using TRIzol reagent (Takara Biotechnology). 1μg of total RNA was reverse transcribed into 

cDNA using 1st Strand cDNA Synthesis Kit (Yeasen Biotech) followed by real-time PCR 

employing SYBR Green (Yeasen Biotech) on a Light Cycler 480 Instrument II (Roche). 

Relative gene expression was normalized to GAPDH mRNA level with 2−ΔΔCt method.

2.6 CCK-8 assay

Cell viability was measured with Cell Counting Kit-8 (CCK-8) (MCE). Briefly, HAEC were 

seeded in a 96-well plate and grown to confluence. After treatment, 10μl WST-8 was added 

to each well followed by incubation at 37°C for 1h. Absorbance at 450nm and 600nm was 

measured on ELx800 (BioTek Instruments). Absorbance at 600nm served as reference. Cell 

count was calculated using a standard curve.

2.7 BrdU incorporation assay

After treatment, HAEC were incubated with BrdU for 24h in a CO2 incubator followed by 

staining with FITC-labeled antibody and 7AAD using a BrdU Flow Kit (BD Biosciences). 

Cells were acquired with FACSCalibur flow cytometer (BD) and FlowJo applied for post-

acquisition analysis.

2.8 Detection of apoptosis

Apoptosis was evaluated by measuring either the amount of phosphatidylserine exposed to 

the outer layer of cell membrane with a FITC Annexin V Apoptosis Kit (BD Biosciences), 

or the caspase 3 activity with a Fluorescein Active Caspase 3 Staining Kit (BioVision). Cells 
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were resolved by FACSCalibur flow cytometer (BD Biosciences) before data analyzed with 

FlowJo.

2.9 In vitro tube formation assay

After treatment, HAEC at a density of 6X104 cells per well were seeded in 24-well plates 

preloaded with 150μl of Matrigel (Corning) per well. After incubation for 12h, images were 

captured using a microscope (Olympus IX53) and tube formation quantified with Image J.

2.10 Luciferase activity assay

0.8μg of each pGL3 Firefly luciferase reporter plasmid together with 0.1μg phRL-TK 

(Promega) containing Renilla luciferase cistron as an internal control were co-transfected 

into HAEC seeded in a 24-well plate. 48h post-transfection, firefly and renilla luciferase 

activities were evaluated using Dual-luciferase Reporter Assay System (Promega) on a 

GloMax 20/20 Luminometer (Promega).

2.11 Chromatin immunoprecipitation assay

ChIP assay was performed as previously described [20] using the ChIP-IT Express kit 

(Active Motif). IRF-1 enrichment on CASP1 or CCND3 promoter region was quantified 

with real-time PCR and normalized to input DNA. In addition to the reported binding site on 

CASP1 promoter (−11/+10) [21], IRF-1 binding to another potential site on CASP1 
promoter (−404/−393) and to two sites on CCND3 promoter (−154/−134, −544/−524) as 

predicted by Jaspar was studied.

2.12 Primary culture of aortic endothelial cells

The animal procedures for primary culture of aortic endothelial cells were approved by the 

institutional animal care and use committee (IACUC-1601043). Primary murine aortic 

endothelial cells were isolated from the global Irf1−/− mice (Jackson laboratory) and the 

wild type littermates using positive immuno-selection with a rat anti-mouse CD31 (BD) 

[22]. Endothelial cell identity was examined with uptake of Dil-Ac-LDL (Biomedical 

Technologies) and anti-CD31 labeling (Invitrogen).

2.13 Mouse model of femoral artery wire injury

The procedures for mouse model of femoral artery wire injury were approved by the 

institutional animal care and use committee (IACUC-1908027). Irf1fln/fln(EMMA), Flp1-

transgenic mice (Jackson laboratory) and Tek2 promoter-driven Cre transgenic mouse line 

(Jackson laboratory) were used to generate Irf1flox/flox; Tek2Cre (Irf1EC−/−) mice with EC-

specific deletion of IRF-1. The mouse model of femoral artery wire injury was performed as 

previously reported [23]. Rapamycin (S1039, Selleck) was administered by daily i.p. 

injection (2 mg/kg body weight/day), a dose relevant for patients treated with DES [24]. At 7 

days following wire injury when ~80% of the EC in the femoral artery were recovered [23], 

the mice were sacrificed and arteries harvested for analysis of re-endothelialization by Evans 

blue assay and immunofluorescence staining of CD31 followed by quantification with 

OD620nm and Image Pro, respectively.
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2.14 Statistical analyses

GraphPad Prism was employed for data presentation and statistical analysis. Data were 

shown as mean ± SEM. Student’s t test was used to compare the difference between two 

groups while ANOVA with Dunnett’s or Tukey’s post-hoc test was applied to analyze 

multiple groups. P≤0.05 was considered significant.

3 Results

3.1 mTORi suppressed HAEC proliferation by inducing apoptosis and inhibiting cell cycle

Inhibition of mTOR with rapamycin or torin 1 for 18h caused a dose-dependent decrease in 

cell viability, indicative of impaired HAEC proliferation, with a minimal effective dose at 

0.1nM for rapamycin and 1nM for torin 1 (Fig 1A). Depletion of mTOR via transfection of 

siRNA also decreased HAEC viability by 21% (Fig 1B and 1C). Cell cycle arrest and 

apoptosis, two major functional endpoints associated with mTORi-induced cell growth 

suppression [6–9] were evaluated. A BrdU incorporation assay revealed that mTORi 

significantly decreased HAEC progression to S phase (Fig 1D, Suppl. Fig 1A). The minimal 

effective doses for rapamycin and torin 1 were 1nM and 100nM respectively, which led to a 

40% and 35% reduction in the number of HAEC cells at S phase. Moreover, rapamycin or 

torin 1 increased HAEC apoptosis with a minimal effective dose of 10nM and 1nM, as 

evidenced by Annexin V binding assay (Fig 1E, Suppl. Fig 1B) and detection of caspase 3 

activity (data not shown). These results confirm that mTORi promotes anti-proliferative 

effects in HAEC and establishes dosage and treatment times in the following experiments to 

treat EC for 18h with 1–10nM rapamycin for cell cycle study and 1–10nM torin 1 for 

apoptosis study.

3.2 mTORi induced IRF-1 expression

In a previous study, we found IRF-1 upregulated in mTOR-inhibited HAEC, either in the 

absence or presence of pro-inflammatory cytokine TNFα [20]. Here Western blot confirmed 

that rapamycin or torin1 upregulated IRF-1, which was both dose- and time-dependent (Fig 

1F–G), with a plateau reached at 2–4h treatment with 1–10nM inhibitor.

It was reported that IRF-1 has a short half-life and is regulated mainly at the transcriptional 

level.[13] Another study revealed that mTORi prevented protein degradation [25]. Therefore, 

we tested the effect of mTORi on IRF-1 degradation and transcription. Treatment with 

cycloheximide indicated that IRF-1 protein underwent similar degradation rate in the 

absence or presence of mTOR inhibitors (Suppl. Fig 2). Quantitative real-time PCR 

confirmed transactivation of IRF1 by mTORi. Treatment with torin 1 or rapamycin at 1nM 

for 2h increased IRF1 mRNA level to ~2 or ~1.5 fold of control, respectively (Fig 1H). An 

increase in the dose to 100nM did not elicit a further significant increase in the transcription 

(Fig 1H). Consistent with enhanced transcription, a dual-luciferase reporter assay confirmed 

that 1h treatment with rapamycin or torin 1 increased IRF1 promoter activity by about 30% 

(Fig 1I). It is noteworthy that although 2h treatment also increased luciferase activity, the 

increase was not as high as in 1h treatment (data not shown). The possible reason might be 

because longer treatment of torin or rapamycin inhibited the synthesis of luciferase. These 

data clearly demonstrated that mTORi upregulated IRF-1 expression through activating its 
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transcription in HAEC, rather than affecting its degradation. These results demonstrate that 

2–4h treatment with rapamycin or torin 1 at a dose of 1–10nM elicited a maximal effect on 

IRF-1 expression. Hence, those treatment conditions were applied in the following studies to 

elucidate the mechanism underlying mTORi-induced IRF1 transactivation.

3.3 IRF-1 mediated mTORi-induced endothelial apoptosis and cell cycle arrest

To examine the role of IRF-1 expression in mediating the suppressive effects of mTORi on 

endothelial proliferation, IRF-1 was suppressed by siRNA-mediated knockdown in HAEC. 

A role for IRF-1 was also assessed in primary EC isolated from wild type (WT) and Irf1−/− 

mice (Suppl. Fig 3). Depletion of IRF-1 in HAEC (Fig 2A, 2C–D, 2F) or mouse EC (Fig 2B 

and 2E, Suppl. Fig 4) partially rescued the cells from basal or mTORi-induced apoptosis 

while increasing the number of cells at S phase. In accordance with HAEC, IRF-1 in murine 

EC was also inducible by mTORi (Fig 2B). EC isolated from Irf1-null mice displayed a 17% 

increase in viability after 72h culture (Fig 2G). Deficiency of IRF-1 also alleviated the 

growth-suppressive effect induced by different doses of torin 1 (Fig 2G). A tube formation 

assay (Fig 2H) further confirmed the contribution of IRF-1 to mTORi-induced EC growth 

suppression. Finally, employing the clinically relevant wire injury model of the mouse 

femoral artery (Suppl. Fig 5A) confirmed the suppressive effect of rapamycin on EC growth 

in vivo. Deficiency of IRF-1 (Suppl. Fig 5B–C) enhanced EC recovery at day 7 post-surgery 

in the denuded artery whether or not rapamycin was administered, as evidenced by 

immunofluorescent staining of EC surface marker CD31 (Fig 2I) and Evans blue 

permeability assay (Suppl. Fig 5D). These results were associated with an alleviated 

hyperplasia (intima to media ratio) at day 21 post-injury (Suppl. Fig 5E). Together these 

results demonstrate a central role for IRF-1 in mediating the suppressive effects of mTORi 

on EC proliferation both in vitro and in vivo.

3.4 IRF-1 promoted apoptosis in part through transcriptional activation of caspase 1

IRF-1 transcriptional activity was increased by ~30% in rapamycin or torin 1-treated HAEC 

as indicated by a dual-luciferase reporter assay (Fig 3A). CASP1 (encoding caspase 1), a 

gene target of IRF-1 [16] involved in apoptosis, was upregulated by mTORi (Fig 3B–D). In 

IRF1-depleted HAEC or Irf1−/− murine EC, torin 1-induced CASP1 transcription (Fig 3B–

C) was significantly decreased. The same trend was observed in response to rapamycin 

treatment (Suppl. Fig 6). The amount of both pro-caspase-1 protein and its cleaved active 

form were decreased in HAEC depleted of IRF-1 (Fig 3D). Based on the literature [21] and 

predictions from the Jaspar software, we examined IRF-1 binding to two potential sites 

(−11/+10 and −404/−393) on CASP1 promoter with ChIP. The results demonstrated IRF-1 

enrichment at both sites, which was enhanced by torin 1 treatment (Fig 3E). Expression of 

WT but not dominant-negative (DN) IRF-1 rescued Casp1 transcription in Irf1−/− murine EC 

(Fig 3F and 3G). Finally, caspase 1 was confirmed to contribute to mTORi-induced HAEC 

apoptosis (Fig 3H) and proliferation suppression (Fig 3I) as its specific inhibitor Ac-YVAD-

CMK alleviated the effects. These data revealed that IRF-1 promoted apoptosis in mTOR-

inhibited HAEC in part through positive upregulation of caspase 1.
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3.5 IRF-1 inhibited cell cycle progression in part through downregulation of cyclin D3

IRF-1 upregulation was accompanied by decreased expression of cyclin family members 

such as D3 and D1 in mTOR-inhibited HAEC (Fig 4A) or murine EC (Fig 4B). The minimal 

effective dose was 1nM for rapamycin and 100nM for torin 1 (Fig 4A–B), coinciding with 

those doses that elicited cell cycle arrest (Fig 1D). mTORi suppressed CCND3 transcription 

by ~10% in both HAEC (Suppl. Fig 7A) and murine EC (Suppl. Fig 7B). Deficiency of 

IRF-1 resulted in a higher level of both cyclin D3 protein (Fig 4C–D) and mRNA (Fig 4E–

F), whereas rescue expression of WT IRF-1 but not DN IRF-1 in Irf1−/− mouse EC repressed 

its transcription (Fig 4G). It is noteworthy that although depletion of IRF-1 increased basal 

cyclin D1 expression, it failed to reverse the inhibitory effect elicited by mTORi in HAEC 

(Fig 4C), excluding the possibility that IRF-1 contributed to mTORi-induced cell cycle 

arrest through cyclin D1. IRF-1 binding to two potential sites on CCND3 promoter was 

examined with ChIP. The results demonstrated that torin 1 treatment significantly increased 

its interaction to −544/−524 (Suppl. Fig 7C). Furthermore, overexpression of cyclin D3 (Fig 

4H) promoted HAEC progression to S phase (Fig 4I) and significantly increased cell 

proliferation (Fig 4J), indicating that IRF-1 inhibited cell cycle progression partially through 

downregulation of cyclin D3 expression.

3.6 mTORi activated STAT-1 and NF-κB

Previous studies implicated the JAK/STAT and NF-κB pathways in mediating IRF1 
transcription and tumor cell apoptosis [26, 27]. Consistent with these studies, treatment of 

HAEC with rapamycin or torin 1 rapidly increased STAT-1 phosphorylation at Y701, which 

remained elevated through ~1h (Fig 5A). However, STAT-3 which was also involved in IRF1 
transcription [26] was not activated (data not shown). Similarly, mTORi activated NF-κB 

p65 phosphorylation at S536, which peaked at ~2h treatment (Fig 5A). Consistent with these 

data, a dual-luciferase reporter assay showed that rapamycin and torin 1 increased the 

transcriptional activity of NF-κB (Fig 5B) and STAT-1 (Fig 5C) at 2h and 0.5h, respectively. 

Pharmacological inhibition of the activity of JAK, STAT-1, or NF-κB signaling using 

Ruxolitinib, Fludarabine, or BAY 11–7082 decreased basal and mTORi-induced IRF1 gene 

expression both at mRNA (Fig 5D, Suppl Fig 8A) and protein (Fig 5E–F) levels. Moreover, 

inhibition of STAT-1 and NF-κB resulted in a reduction in caspase 1 (Fig 5G) and an 

increase in cyclin D3 expression (Fig 5H), accompanying an attenuation in mTORi-induced 

apoptosis (Fig 5I, Suppl. Fig 8B) and cell proliferation suppression (Fig 5J). Inhibition of 

NF-κB but not STAT-1 also promoted cell progression to S phase (Suppl. Fig 8C). These 

findings confirmed that mTORi upregulated IRF-1 and suppressed HAEC growth in part 

through activation of STAT-1 and NF-κB.

3.7 PKCζ mediated mTORi-induced IRF-1 upregulation and cell proliferation suppression

Phosphorylation of p70S6K and 4EBP-1 are downstream of mTORC1 signaling, which is 

inhibited by treatment of rapamycin or torin 1 (Suppl. Fig 9A). After phosphorylation, 

p70S6K becomes activated and phosphorylates its substrate S6 protein of the 40S ribosomal 

subunit which is involved in translational regulation of mRNAs [28]. 4EBP-1 is a translation 

repressor that inhibits cap-dependent translation by binding to the translation initiation factor 

eIF4E. Phosphorylation of 4EBP-1 disrupts this interaction and results in activation of cap-

Peng et al. Page 8

J Mol Cell Cardiol. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dependent translation [28]. Since both rapamycin and torin 1 rapidly upregulated IRF-1, a 

role for inhibition of phosphorylation of p70S6K and 4EBP-1 in mTORi-induced IRF1 
transactivation was investigated. However, either knockdown of RPS6KB1 (encoding 

p70S6K) or EIF4EBP-1 (encoding 4EBP-1), or overexpression of a WT or phosphorylation 

sites–mutant (T37AT46A) EIF4EBP-1 to mimic mTORi failed to increase IRF1 
transcription (Suppl. Fig 9B–9C).

In our previous study we reported that chemical inhibitors or siRNA-mediated MTOR 
knockdown, significantly activated conventional PKC member PKCα.[20] In addition to 

PKCα, treatment with rapamycin or torin 1 led to activation of novel and atypical PKC 

member PKCδ (data not shown) and PKCζ (Fig 6A), which became more pronounced when 

HAEC were co-treated with cytokine TNFα, even at a low dose of 0.1ng/mL (data not 

shown).

siRNA targeting PKCα, PKCδ, and PKCζ or their specific inhibitors, GF109203X, 

Rotterlin, and Pseudo-substrate inhibitor Myristoylated (PSI), were applied to further 

evaluate their role in mTORi-induced IRF-1 upregulation and HAEC growth suppression. 

Inhibition of only PKCζ, but not PKCα or PKCδ, significantly attenuated mTORi-induced 

cell growth suppression (Fig 6B–C, Suppl. Fig 10A–C). Consistently, knockdown of PKCζ 
(Fig 6D) or treatment with PSI (Suppl. Fig 10D) inhibited basal, rapamycin- or torin 1-

induced IRF1 transcription. These data suggest that the PKCζ isoform regulates IRF-1 

expression and plays a major role in mTORi-induced HAEC growth suppression.

Further supporting this observation, inhibition of PKCζ resulted in inactivation of STAT-1 

and NF-κB (Fig 6E), accompanying caspase 1 downregulation and cyclin D3 upregulation in 

untreated (Suppl. Fig 11A–B) or mTOR-inhibited (Fig 6F–G) HAEC. Inhibition of PKCζ 
not only attenuated basal (Suppl. Fig 11C) and mTORi-induced apoptosis (Fig 6H), but also 

promoted cell cycle progression either in the absence (Suppl. Fig 11D) or presence of 

mTORi (Fig 6I). These data implicate PKCζ as a mediator of mTORi-induced IRF-1 

upregulation and cell proliferation suppression through activation of STAT-1 and NF-κB.

3.8 mTOR-free raptor contributed to mTORi-induced PKCζ activation

Our previous study demonstrated that disruption of both mTORC1 and mTORC2 via dual 

knockdown of RPTOR (encoding raptor) and RICTOR (encoding rictor) resulted in distinct 

phenotypes from that elicited by mTORi via knockdown of mTOR itself or treatment with 

rapamycin or torin 1 [20]. Remarkable was that dual knockdown decreased, whereas mTORi 

increased PKCα phosphorylation. Similarly, in the current study PKCζ phosphorylation was 

dramatically diminished in HAEC transfected with siRNA against both RPTOR and 

RICTOR while the total PKCζ reprobed on the same blot was not significantly reduced (Fig 

7A–7B). Consistent with the low PKCζ activity, STAT-1 and NF-κB phosphorylation were 

inhibited (Fig 7A) and IRF1 transcription decreased by 21% (Fig 7C) in these cells. In 

contrast, PKCζ phosphorylation was increased (Fig 7A–B) and IRF1 transcription elevated 

by 44% in MTOR-silenced HAEC (Fig 7C). The phosphorylated/ total STAT-1 also 

increased although total STAT-1 expression was decreased (Fig 7A).
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Dual knockdown of RPTOR and RICTOR also decreased mTOR expression (Fig 7A), 

making the stoichiometric ratio among the three molecules similar to that in scrambled 

siRNA-transfected HAEC. Although knockdown of MTOR also inhibited raptor or rictor 

expression, the ratio of raptor or rictor to mTOR significantly increased in MTOR-silenced 

cells (Suppl. Fig 12), suggesting extra raptor or rictor (or mTOR-free raptor or rictor) may 

contribute to PKCζ activation. Consistently, depletion of raptor or rictor in HAEC decreased 

PKCζ phosphorylation (Fig 7D).

Since acute rapamycin treatment, which did not affect rictor binding to mTOR, was capable 

of activating PKCζ and inducing IRF-1 expression (Fig 1F–G, Fig 6A), it was possible that 

mTOR-free raptor but not mTOR-free rictor played a major role in these mTORi-induced 

effects. In support of this hypothesis, treatment of HAEC with rapamycin or torin 1 

increased the raptor/ mTOR ratio by decreasing mTOR expression in the case of rapamycin 

treatment or by increasing raptor expression in the case of torin 1 treatment (Fig 7E). As 

reported in podocytes [29]. rapamycin treatment of HAEC also decreased rictor expression, 

leaving the rictor/ mTOR ratio unchanged. Furthermore, Western blot analysis of the lysate 

after depletion of mTOR-bound complex with immunoprecipitation confirmed that up to 

65.2% of raptor remained in a mTOR-free state, whereas only 34.8% was found in the 

mTOR-bound complex (Fig 7F–G, Suppl. Fig. 14.).

To further test this possibility, WT raptor or the mutant unable to bind mTOR [30] was 

overexpressed in HAEC. As shown in Fig 7H–I, overexpression of both WT and mutant 

raptor increased PKCζ phosphorylation, confirming that raptor increased PKCζ activity 

independent of its interaction with mTOR. In the presence of siRNA (Fig 7H) or rapamycin 

(Fig 7I) to disrupt raptor interaction with mTOR, PKCζ phosphorylation also increased in 

raptor-overexpressed HAEC, further indicating that mTOR-free raptor contributed to PKCζ 
activation and IRF-1 upregulation.

4. Discussion

While significantly alleviating endovascular restenosis, application of mTOR inhibitors in 

DES are associated with cumulative incidence of late-stent thrombosis due to inhibition of 

arterial EC. Although mTOR is a well-recognized regulator of cellular growth and survival, 

how mTORi suppresses EC growth remains largely unknown. In this study, we reveal a 

mechanism by which mTORi activates PKCζ-mediated pathways to upregulate IRF-1, 

which in turn mediates a suppressive effect on EC proliferation by enhancing apoptosis and 

inhibiting cell cycle progression.

Considerable evidence from immune and tumor cells has indicated that mTORi suppressed 

cell cycle and/or promoted apoptosis presumably through disruption of mTORC1 and/or 

mTORC2. In early T-cell progenitors or B cells, disruption of mTORC1 or both mTOR 

complexes resulted in cell cycle abnormalities that were associated with the cyclin-CDK 

complex [6, 7]. In tumor cells, mTORi enhanced cisplatin-induced apoptosis by inhibiting 

the translation of p21 [8] or by inhibiting protein phosphatase 5 to activate apoptosis-signal 

regulating kinase 1 [9].
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In the cardiovascular system, upregulation of mTORC1 activated p70S6K and increased 

SMC proliferation, and thus contributed to aldosterone-induced pulmonary arterial 

hypertension [31]. Consistently, inhibition of mTORC1 by rapamycin or by depletion of 

mTORC1-defining component raptor blocked PDGF-induced SMC proliferation and 

phenotypic conversion [32]. On the other hand, disruption of mTORC2 also accounted for 

long-term rapamycin treatment-induced inhibition of EC growth and migration through 

preventing the degradation of p27kip1 [25].

Consistent with these results, we demonstrate in both human and mouse arterial EC that 

mTORi suppressed proliferation in a dose-dependent manner through mechanisms involving 

cell cycle arrest and apoptosis. As observed in tumor cells [12], HAEC displayed different 

sensitivity to rapamycin and torin 1. At a dose as low as 0.1nM, rapamycin significantly 

inhibited HAEC proliferation by ~15%. A similar degree of inhibition was not exhibited by 

torin 1 below 10nM. A cytostatic effect on HAEC dominated in rapamycin treatment, in 

contrast to a cytotoxic effect in response to torin 1 treatment. At a low dose, rapamycin was 

capable of inhibiting cell cycle while torin 1 induced apoptosis. A relatively high dose was 

required for torin 1 to suppress cell cycle and for rapamycin to promote apoptosis. The 

dosage and time effects may in part be explained by a different mechanism of action, since 

torin 1 inhibits both mTOR1 and mTOR2. Our results imply that mTORi suppress HAEC 

growth primarily through the cytostatic effect, which is more sensitive to inhibition of 

mTORC1 alone. In contrast, inhibition of mTORC2 alone or both complexes sensitized 

HAEC to apoptosis. The cross-talk between cell cycle arrest and apoptosis [33] may explain 

why low-dose rapamycin or high-dose torin 1 protected HAEC from apoptosis. It is 

noteworthy that prolonged (24h) treatment with rapamycin was reported to disrupt the 

assembly of mTORC2 and inhibit Akt phosphorylation, which caused the suppression on 

tumor cell growth [11]. Whether apoptosis dominates in chronic treatment of rapamycin in 

HAEC warrants further investigation, given the chronically-releasing property of the drug in 

DES.

Although mTORi has been considered to function mainly through suppressing protein 

translation by inhibiting phosphorylation of downstream signaling molecules such as 

p70S6K, studies have also indicated that mTOR contributed to regulation of transcriptional 

programs. Rapamycin treatment inhibited transcription of a large number of genes involved 

in regulation of cell cycle, apoptosis and extracellular matrix production, through 

downregulation of critical transcriptional factors such E2F1 [34]. In another study, mTORi 

inhibited balloon catheter-induced SMC proliferation through upregulation of transcription 

factor KLF4 [35].

Studies in immune and tumor cells have established a central role for IRF-1 in the regulation 

of gene expression. We demonstrate that mTORi-induced growth inhibition coincided with 

upregulation of IRF-1. Deficiency of IRF-1 attenuated EC sensitivity to mTORi, confirming 

the involvement of IRF-1 in the regulation of mTOR on HAEC proliferation. Until now, the 

effect of mTORi on IRF-1 expression has not been well-studied. Moreover, results of the 

limited studies are conflicting, which might be attributed to the different type of cells and 

experimental conditions applied. In A549 cells, inactivation of mTOR by silencing of 

MTOR or short-term treatment with rapamycin for 0.5h (mRNA level) or 1h (protein level) 
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significantly enhanced interferon-γ-induced IRF-1 expression [36]. In HUVEC cells, 

however, 24h treatment of rapamycin decreased TNFα-induced IRF-1 expression [37]. We 

have recently reported upregulation of IRF-1 expression by mTORi in both the absence and 

presence of low-dose TNFα in HAEC [20]. In this study, we further investigated the time- 

and dose-dependent effect of mTORi on the dynamics of IRF-1 expression. The results 

indicated that mTOR inhibitors upregulated IRF1 transcription and protein expression with a 

peak reached at 2–4h at a dose of ~10nM. mTORi with knockdown of MTOR also led to 

IRF-1 upregulation, although not as pronounced as that with rapamycin or torin 1 treatment. 

Moreover, the same regulatory effect by mTOR on IRF-1 expression existed in murine EC, 

confirming the evolutionarily conserved character of mTOR signaling.

Consistent with mTORi, IRF-1 suppressed cell growth through cell cycle arrest and 

apoptosis via upregulating cell growth-inhibiting genes (p21, caspase-1, PUMA, etc) [14–

17] or downregulating growth-promoting genes (cyclin D1, CDK4, CDK2, survivin, etc) 

[14, 18, 19]. CASP1 is a recognized target gene of IRF-1 [16]. Its protein product caspase 1 

is known to contribute to IRF-1-mediated apoptosis [38] and more recently, to pyroptosis 

[39]. In this study, we confirmed that caspase 1 was regulated by IRF-1 and contributed to 

apoptosis in mTOR-inhibited HAEC. Although cyclin D1 has been reported to be a key 

target for IRF-1-mediated tumor-suppressive effects [18], silencing of IRF1 failed to rescue 

its expression inhibited by mTORi in HAEC. Cyclin D3, another cyclin member promoting 

cell cycle progression, has been identified as a target of mTORi that accounted for cell cycle 

arrest in immune cells [6, 7]. Consistent with a previous study [8], mTORi itself might affect 

both transcription and translation of cyclin D3, as evidenced by a much more profound 

reduction in protein than in CCND3 mRNA. Although gene activation by IRF-1 has been 

widely studied, exactly how this transcription factor downregulates gene expression is less 

well-known. It has been suggested that IRF-1 may interfere with other transcription factor at 

the target gene promoter [19]. In the present study, we found that IRF-1 bound to CCND3 
promoter and negatively regulated its transcription, which contributed to the cell cycle arrest 

induced by mTORi. However, whether IRF-1 interacts with other transcription factors at 

CCND3 promoter to downregulate its transcription remains to be investigated.

mTOR signaling is classically considered to function through mTORC1 and/or mTORC2. 

Rapamycin treatment acutely increased IRF-1 expression in HAEC, suggesting that 

disruption of mTORC1 is capable of upregulating IRF1 gene expression. However, 

inhibition of two classical mTORC1 downstream signaling pathways failed to recapitulate 

this phenomenon (Suppl. Fig 9). This was consistent with a previous study in A549 cells 

finding that regulation of IRF-1 by mTOR was independent of p70S6K.[36] Recently, 

emerging evidence has suggested that mTOR components or inhibitors regulate cellular 

processes independently of the mTOR complex [40, 41]. Our recent findings that silencing 

of MTOR or its pharmacological inhibition, and compound depletion of raptor and rictor led 

to distinct phenotypes in HAEC support a mTOR complex-independent mechanism. In this 

study we analyzed the cell lysates after depletion of mTOR complex and provided direct 

evidence for the existence of mTOR-free raptor in HAEC. Adding to this line of evidence, 

this study found that mTORi induced IRF1 transcription while dual depletion reduced it. 

Furthermore, results with overexpressed raptor mutant incapable of binding mTOR 

confirmed the involvement of mTOR-free raptor in PKCζ activation and IRF-1 upregulation. 
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It is noteworthy that inhibition of mTOR complexes by rapamycin or torin 1 is mostly likely 

to synergize with IRF-1 in causing inhibition on HAEC proliferation although mTORi 

transactivated IRF1 independently of the disruption of mTOR complexes.

Protein kinase C (PKC), a large family of serine/ threonine kinases, are critical regulators of 

many cellular functions including gene expression, cell proliferation and differentiation, cell 

survival and apoptosis. Each PKC structurally consists of a regulatory domain and a 

catalytic domain. Depending on the regulatory domain and the requirement for activation, 

PKC are categorized into three groups. The conventional PKC (PKCα, βI, βII, and γ) have 

DAG- and Ca2+-binding domains. The novel PKC (PKCδ, ε, η, θ) contain DAG- but not 

Ca2+-binding domains. The atypical PKC (PKCζ and λ/ι) require neither Ca2+ nor DAG for 

their activity; instead, they are regulated predominantly by protein-protein interaction [42] 

and by 3-phosphoinositide-dependent protein kinase1 (PDK1)-mediated phosphorylation of 

critical threonine at the activation loop [43, 44].

PKC is known to regulate IRF-1 expression and activity [13]. mTORC2 has been 

traditionally considered to be responsible for the regulation of PKC activation. However, our 

recent study challenged this convention based on the fact that inhibiting mTOR to disrupt 

both mTORC1 and mTORC2 increased PKCα phosphorylation [20]. Consistent to our 

findings, study reported that sirolimus caused Ca2+-dependent activation of PKCα in EC 

[45]. Similarly, mTORi activated PKCδ and PKCζ. Interestingly, compound silencing of 

raptor and rictor dramatically decreased PKCζ (Fig 7A–B) and PKCα phosphorylation [20] 

concomitant with a reduction in IRF1 transcription (Fig 7C). Based on the observations from 

literature and our studies, we proposed that mTOR-free raptor contributed to PKC activation 

in mTOR-inhibited cells. Overexpression of mutant raptor incapable of binding mTOR with 

or without mTORi treatment further confirmed that raptor activated PKC in mTORC1-

independent manner. Further studies examining whether mTORi or raptor activate PKC 

through alteration of the concentration of cytosolic DAG or Ca2+ or phosphorylation of 

PDK1 in the cell are ongoing.

Dysregulation of selected PKC isozymes has been implicated in various stages of different 

pathologies such as cancer, inflammatory diseases and vascular restenosis after 

interventional therapy [46]. In this study, we found that all three PKC members, PKCα, 

PKCδ, and PKCζ, regulated IRF-1 expression; however, only PKCζ was responsible for the 

suppressive effect of mTORi on HAEC. Consistent with the promoting role in SMC 

proliferation [47], PKCα is a pro-growth signal in HAEC cells (Suppl. Fig 10B). Its 

activation may be a part of the pro-survival response to mTORi. Although PKCδ promoted 

HAEC apoptosis (data not shown), its inhibition did not protect HAEC from growth 

suppression in this study (Suppl. Fig 10B), probably due to concomitant activation of other 

pro-survival signals.

Both tumor promoting [48] and suppressing [49] activities of PKCζ have been reported in 

several different tissues. Similarly, the role of PKCζ in vascular cell growth is unclear. In 

this study, we have provided evidence that through regulating IRF-1 expression, PKCζ 
suppressed HAEC growth by promoting apoptosis and cell cycle arrest. Similar to other 

PKC isoforms, PKCζ is essential for the adequate activation of NF-κB and JAK1/STAT-1 
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signaling [50], which are typical pathways to activate IRF1 transcription [26, 27]. 

Consistently, PKCζ activated NF-κB and JAK/STAT-1 which resulted in IRF1 
transactivation in mTOR-inhibited HAEC. Our results were also consistent with previous 

studies reporting that mTORi increased the activation and nuclear localization of NF-κB in 

HUVEC [51] and STAT-1 in A549 cells [36]. It was reported that in SMC PKCζ is 

undetectable [52] while in EC its level relatively high [53]. Our preliminary experiment 

confirmed that PKCζ was expressed at a higher level in HAEC than in human aortic SMC 

(HASMC) (Suppl. Fig 13A). Furthermore, although knockdown of IRF-1 promoted 

HASMC growth both in the absence and presence of rapamycin (Suppl. Fig 13B–D), 

mTORi did not significantly induce its expression in HASMC (Suppl. Fig 13E). This may be 

related to low expression level of PKCζ and/ or possibly different signaling cascade 

operating in HASMC in response to mTORi. Additional studies in vitro and in vivo are 

needed to investigate the differential effect of PKCζ/ IRF-1 signaling on the growth of 

primary EC and SMC. This component of the signaling pathway may prove to be an 

alternative therapeutic target to inhibit SMC neointimal growth while enhancing EC 

proliferation for better outcome post-DES.

In summary, we demonstrate that mTOR-free raptor activates PKCζ in mTOR-inhibited 

arterial EC. Through IRF-1-mediated regulation of gene expression, PKCζ suppressed 

HAEC growth by promoting apoptosis and cell cycle arrest. Further study may facilitate the 

development of effective strategies to specifically attenuate the suppressive effect of mTORi 

on EC, and thus to reduce the severe negative side effects of delayed endothelialization of 

DES.
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BMS bare metal stents

DES drug-eluting stents

mTOR mammalian target of rapamycin

mTORi mTOR inhibition

HAEC human arterial endothelial cells
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IRF-1 interferon regulatory factor 1

SMC smooth muscle cells

4EBP-1 4E-binding protein-1

PKC protein kinase C

AKT protein kinase B

SGK1 serum- and glucocorticoid-induced kinase 1

FKBP12 FK-506-binding protein 12

STAT1 signal transducer and activator of transcription 1

NF-κB nuclear factor binding near the κ light-chain gene in B cells
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Highlights

• Raptor contributed to PKCζ activation in mTOR-inhibited human aortic 

endothelial cells independent of mTOR complex 1.

• PKCζ activated the JAK/STAT-1 and NF-κB signaling pathways, resulting in 

upregulation of IRF-1.

• IRF-1 mediated the suppressive effects of mTOR inhibition on arterial 

endothelial cells in part through transcriptional regulation of the expression of 

CASP1 (encoding caspase 1) and CCND3 (encoding cyclin D3).

• Endothelial-specific deletion of IRF-1 was associated with enhanced 

endothelial recovery and reduced intimal hyperplasia in a mouse femoral 

artery injury model.
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Figure 1. mTORi suppressed HAEC proliferation concomitant with upregulation of IRF-1 
expression.
(A) HAEC were treated with vehicle (ctrl), rapamycin (rapa) or torin 1(torin) at indicated 

dose for 18h prior to CCK-8 assay to measure cell viability. n=3; *p<0.05; **p<0.01; 

***p<0.001 vs. control. (B) 96h post-transfection with control siRNA (sictrl) or MTOR-

targeting siRNA (siMTOR), HAEC were subjected to CCK-8 assay (n=4) or Western 

blotting (C). (D) HAEC were treated with rapa or torin at indicated dose for 18h prior to 

BrdU incorporation assay to evaluate cell cycle progression. Shown are relative cell numbers 

at S phase (n=3). (E) HAEC were treated with rapa or torin at indicated dose for 18h prior to 

Annexin V binding assay to evaluate apoptosis (n=3–5). (F-G) HAEC were treated with rapa 

or torin at indicated dose for 18h (F), or at 10nM for indicated time (G) prior to Western 

blotting followed by quantification. Shown is representative image from at least three 

experiments. (H) HAEC were treated with rapa or torin at indicated dose for 2h prior to 

quantitative PCR to measure mRNA (n=3–4). (I) pGL3/IRF1 −998/+33 plasmid was 

constructed and promoter activity induced by 1h treatment with 10nM rapa or torin and 

quantified by dual-luciferase assay (n=6). *p<0.05; **p<0.01; ***p<0.001 vs. ctrl or sictrl 

(one way ANOVA with Dunnett’s test, A, D, E, F,G, H and I; or two-tailed paired t test, B).
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Figure 2. IRF-1 contributed to mTORi-induced endothelial apoptosis and cell cycle arrest.
(A-B) HAEC were transfected with control (sictrl) or IRF1-targeting siRNA (siIRF1) before 

treatment with 10nM rapa and torin at 10nM for 4h (A). Murine EC were isolated from 

Irf1−/− or wild type (WT) littermates followed by treatment with 10nM rapa for 2h (B). 

Western blotting confirmed depletion of IRF-1 in HAEC (A) and mouse EC (B). Shown are 

representative images (n=4). (C-D) After transfection of siRNA, HAEC were treated with or 

without 10nM torin for 18h, prior to flow cytometric analyses of apoptosis by measuring 

phosphatidylserine exposed to cell surface (n=4, C) or caspase 3 activity (n=5, D). (E) EC 

were treated with (n=3) or without (n=5) 50nM rapa for 18h, prior to flow cytometric 

analyses of caspase 3 activity. (F) After transfection of siRNA, HAEC were treated with 

(n=5) or without (n=3) 1nM rapa for 18h, prior to BrdU incorporation assay to evaluate cell 

cycle progression. (G) WT or Irf1−/− EC were treated with torin at indicated dose for 18h 

prior to CCK-8 assay to measure cell viability (n=3). *p<0.05; ***p<0.001 vs. WT treated 

with identical dose of torin (two-tailed paired t test). (H) After transfection of siRNA, HAEC 

were seeded into matrigel in the presence or absence of 1nM rapa, and tube formation was 

quantified as total tube length of the network after 12h. n=5; Shown are representative 

images. Scale=500μm. (I) 7 days after wire injury, the femoral artery of the EC-specific Irf1 
knockout mice (Irf1flox/floxTek2Cre, Irf1EC−/−) or the wild type control (Irf1flox/flox, WT), 

administered with vehicle or rapa was sectioned for analysis of CD31 expression (n=3). 
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Scale=100μm *p<0.05; **p<0.01; ***p<0.001 vs. untreated sictrl or WT; #p<0.05; 

##p<0.01; ###p<0.001 vs. rapa/ torin-treated sictrl or WT (one way ANOVA with Tukey’s 

test, A, B, C, D, E, F, H and I).
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Figure 3. IRF-1 promoted apoptosis in part through transcriptional activation of caspase 1.
(A) Dual-luciferase assay indicated that 1h treatment with 10nM rapa or torin increased 

IRF-1 transcriptional activity (n=5). (B-C) HAEC were transfected with control (sictrl) or 

IRF1-targeting siRNA (siIRF1) (B). Murine EC were isolated from Irf1−/− or wild type 

(WT) littermate (C). EC were treated with 10nM torin for 2h, prior to quantitative PCR to 

measure mRNA (n=4–5). (D) siRNA-transfected HAEC were treated with 10nM rapa or 

torin for 2h followed by Western blotting to detect pro-caspase 1 (pro-cas 1) and cleaved 

caspase 1 (clvd cas 1). Shown is representative blot (n=3). (E) HAEC were treated with or 

without 10nM torin for 2h. IRF-1 binding to CASP1 promoter region −404/−393 or −11/+10 

was examined with ChIP followed by real time PCR with primers flanking these two 

sequences (n=3). (F) Irf1−/− EC were transfected with pcDNA (sham), pcDNA/WT IRF1 or 

pcDNA/dominant-negative (DN) IRF1. After 96h, Western blotting and quantitative PCR 

confirmed successful rescue of IRF-1 expression. The primary antibody for Western blotting 

is unable to detect the truncated DN IRF-1 (n=3–4). (G) Casp1 expression was increased by 

rescue of WT IRF-1 expression but not the DN form (n=3–4). (H) HAEC were treated with 

5μM caspase 1 inhibitor Ac-YVAD-CMK (CMK) for 1h before incubation with 10nM torin 

for 18h. Apoptosis was evaluated by flow cytometric analysis of Annexin V binding and 

caspase 3 activity (n=3–4). (I) HAEC were treated with 5μM CMK for 1h before incubation 

with 10nM torin for 18h. Cell viability was measured by CCK-8 assay (n=3). ***p<0.001 

vs. untreated. ##p<0.01 vs. torin-treated (one way ANOVA with Tukey’s test). *p<0.05; 

**p<0.01; ***p<0.001 vs. untreated sictrl or WT or sham; #p<0.05; ##p<0.01; ###p<0.001 

vs. rapa/ torin-treated sictrl or WT (one way ANOVA with Dunnett’s test, A, E, F and G; 

one way ANOVA with Tukey’s test, B, C, D, I; two-tailed paired t test, H).
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Figure 4. IRF-1 inhibited cell cycle progression in part through downregulation of cyclin D3.
(A-B) HAEC (A) or murine (B) EC were treated with rapa or torin for 18h at indicated dose 

prior to Western blot analysis. (C) HAEC were transfected with siRNA, treated with or 

without 10nM rapa for 4h followed by Western blotting. Images were from the same blot. 

(D) EC isolated from WT or Irf1−/− mice, treated with torin at indicated dose for 18h 

followed by Western blotting. Shown is representative blot (n=3). (E) HAEC were 

transfected with siRNA, treated with 1nM rapa for 2h followed by quantitative PCR ( n=3). 

(F) EC isolated from WT or Irf1−/− mice, treated with 1nM rapa for 2h followed by 

quantitative PCR (n=3–4). (G) Ccnd3 expression was repressed by rescue of WT IRF-1 

expression but not the DN form (n=3). (H) Western blotting confirmed successful 

overexpression of cyclin D3 after transfection of Rc/CMV-CCND3. (I) At 48h post 

transfection of Rc/CMV-CCND3, HAEC were treated with 1nM rapa for 18h followed by 

BrdU incorporation assay to evaluate cell cycle progression (n=4). (J) At 48h post 

transfection of Rc/CMV-CCND3, HAEC were treated with 1nM rapa for 18h followed by 

CCK-8 assay to evaluate cell viability (n=3–4). *p<0.05; ***p<0.001 vs. untreated sictrl or 

WT or sham; #p<0.05; ##p<0.01 vs. rapa-treated sictrl or WT (one way ANOVA with 

Tukey’s test, E, F, J; one way ANOVA with Dunnett’s test, G; one-tail paired t test, I).
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Figure 5. mTORi activated STAT-1 and NF-κB.
(A) HAEC were treated with 10nM rapa or torin at indicated time followed by Western blot 

analysis. (B) HAEC were treated with 10nM rapa or torin for 2h (B) or 0.5h (C) followed by 

dual-luciferase assay to detect the transcriptional activity of NF-κB (B) or STAT-1 (C). n=3. 

(D) After pretreated with vehicle (ctrl), JAK, STAT-1 or NF-κB specific inhibitors 

Ruxolitinib (Ruxo, 1μM), Fludarabine (Flu, 17.5μM) or BAY 11–7082 (Bay, 5μM) for 1h, 

HAEC were incubated with 10nM torin for 2h before IRF1 mRNA was quantified with real-

time PCR(n=3–5). (E-F) HAEC were treated with vehicle (ctrl), Bay (5μM) (E), Ruxo 

(1μM) or Flu (L: 3.5μM; H:17.5μM) (F) for 1h before incubation with 10nM rapa or torin 

for another 4h. HAEC lysates were subjected to Western blotting for analysis of IRF-1. (G-

H) HAEC were treated with vehicle (ctrl), Bay (5μM) or Flu (17.5μM) for 1h before 

incubation with 10nM torin (G) or 1nM rapa (H) for 2h. CASP1 (G, n=3) or CCND3 (H, 

n=6) mRNA was quantified with real-time PCR. (I) HAEC were treated with vehicle (ctrl), 

Bay (5μM) or Flu (17.5μM) for 1h before incubation with 10nM torin for 18h. Caspase 3 

activity was measure by flow cytometry (n=5). (J) HAEC were treated with vehicle (ctrl), 

Bay (5μM) or Flu (17.5μM) for 1h before incubation with 10nM torin for 18h. Cell viability 

was measured with CCK-8 assay (n=3). *p<0.05; **p<0.01 vs. ctrl (B, C); *p<0.05; 

**p<0.01; ***p<0.001 vs. torin/rapa-only treatment (D, G, H, I) (one way ANOVA with 

Dunnett’s test); **p<0.01 vs. untreated ctrl; ###p<0.001 vs. torin-only treatment (one way 

ANOVA with Tukey’s test, J).
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Figure 6. PKCζ mediated mTORi-induced IRF-1 upregulation and cell growth suppression.
(A) HAEC were treated with 10nM rapa or torin for indicated time prior to Western blot 

analysis. (B) Western blotting confirmed successful knockdown of PKCζ by transfection of 

siRNA. (C) After transfection with control siRNA or PKCζ-targeting siRNA (siPKCζ), 

HAEC were treated with 1nM rapa or 100nM torin for 18h prior to CCK-8 assay to measure 

cell viability (n=3). (D) After transfection with control siRNA or siPKCζ, HAEC were 

treated with 10nM rapa or torin for 2h prior to real-time PCR to quantify IRF1 mRNA (n=3–

5). (E) HAEC were pretreated with 1μM PKCζ inhibitor Pseudo-substrate inhibitor 

Myristoylated (PSI) followed by treatment with 10nM torin for 4h. Cell lysates were 

analyzed with Western blotting. (F-G) After transfection with siRNA, HAEC were treated 

with 10nM torin (F) or 1nM rapa (G) for 2h. CASP1 (F, n=3) or CCND3 (G, n=4) mRNA 

was quantified with real-time PCR. (H) After transfection of siRNA, HAEC were treated 

with 10nM torin for 18h. Caspase 3 activity was evaluated with flow cytometry (n=6). (I) 

After pretreatment with 1μM PSI for 1h, HAEC were incubated with 1nM rapa for 18h. 

BrdU assay was applied to evaluate cell cycle progression (n=5). *p<0.05; **p<0.01; 

***p<0.001 vs. identically-treated sictrl or ctrl (two-tail unpaired t test, C; two-tail unpaired 

t test, D, F-I).
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Figure 7. Raptor contributed to mTORi-induced PKCζ activation independent of mTORC1.
(A) At 48h post transfection with control siRNA, siRNA against RPTOR and RICTOR 
(siRPT+RIC), or MTOR-targeting siRNA, HAEC were submitted to Western blot analysis 

(A). (B) Quantification of the ratio of phosphorylated PKCζ to total PKCζ (n=3). (C) At 

48h post transfection, IRF1 mRNA was measured with real-time PCR (n=5). (D) At 48h 

post transfection with control siRNA, siRNA against RPTOR, or siRNA against RICTOR, 

HAEC were submitted to Western blot analysis. (E) HAEC were treated with rapa at 25nM 

(rapa-L) or 250nM (rapa-H), or with torin at 50nM (torin-L) or 500nM (torin-H) for 18h 

prior to Western blot analysis. (F) Immunoprecipitation assay confirmed interaction between 

mTOR and raptor. (G) The same whole cell lysates used for immunoprecipitation in (F), or 

the lysates collected after immunoprecipitation reaction, were analyzed with Western 

blotting. Shown were results from one independent experiment each with two batches of 

lysates from two separate plates of HAEC culture. (H) HAEC were transfected with vector 

(pRK-5), pRK-5/HA-RPTOR (WT) or pRK-5/HA-RPTOR mutant (Mut) along with sictrl or 

siMTOR. (I) Transfected HAEC were treated with or without 10nM rapa for 1h prior to 

Western blot analysis. All blots shown are representative images from at least three 

experiments. *p<0.05; ***p<0.001 vs. sictrl; ###p<0.001 vs. siMTOR (one way ANOVA 

with Tukey’s test, B-C).
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