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Abstract

mTORC1 (mechanistic target of rapamycin complex 1) serves as a molecular hub and intracellular
energy sensor that regulate various cellular processes. Emerging evidence points to mTORC1
signaling as a critical regulator of cardiovascular function with implications for cardiovascular
disease. Here, we show that selective disruption of mTORCZ, through conditional Rapfor gene
deletion, in endothelial or smooth muscle cells alter vascular function. Endothelial cell-specific
Raptor deletion results in reduced relaxation responses evoked by acetylcholine in the aorta,

but not in the mesenteric artery. Of note, endothelial-specific Raptor deletion did not affect
endothelial-independent vasorelaxation nor the contractile responses of the aorta or mesenteric
artery. Interestingly, endothelial Raptor haploinsufficiency did not alter vascular endothelial
function, but attenuated the endothelial dysfunction evoked by angiotensin 11. Smooth muscle cell-
specific conditional deletion of Raptor reduces both endothelial- and smooth muscle-dependent
relaxation responses as well as receptor-dependent and -independent contractility in the aorta. This
was associated with activation of autophagy signaling. Notably, the changes in vascular function
evoked by endothelial and smooth muscle Raptor deletion were independent of changes in blood
pressure and heart rate. Together, these data suggest that vascular mTORCL signaling is a critical
regulator of vascular endothelial and smooth muscle function. mTORC1 signaling may represent a
potential target for the treatment of vascular diseases associated with altered mTORCL1 activity.
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Introduction

mTORC1 (mechanistic target of rapamycin complex 1) is a master regulator of the cellular
processes involved in metabolism, growth, proliferation and survivall. mTORC1 serves as
an intracellular sensor that integrates a myriad of intracellular and extracellular signals such
as PI3K (phosphoinositol-3 kinase), growth factors, hormones, amino acids and glucose.
The mTORC1 complex consists of a conserved catalytic subunit (MTOR), the regulatory
associated subunit Raptor (regulatory associated protein of mTOR), and multiple accessory
proteins. Various downstream signaling pathways are modulated by mTORC1 including

the S6K (S6 kinase) and its downstream effector, the ribosomal S6 protein, that regulate
different cellular processes including gene expression, protein and lipid synthesis, autophagy
and mitochondrial metabolism and biogenesis?.

Recently, the mTORC1 signaling pathway has emerged as an important mechanism for
cardiovascular regulation?. For instance, activation of mTORC1 pathway in aortic rings with
leucine or an adenoviral vector expressing a constitutively active S6K reduces endothelial-
dependent vasorelaxation3. mTORC1 seems to integrate vascular-related signaling arising
from oxidative stress, pro-inflammatory cytokines, and the renin-angiotensin system all of
which can lead to vascular dysfunction® . In a recent report, we showed that mTORC1
activation in endothelial cells increases ROS (reactive oxygen species) generation and
expression of genes that promote a pro-oxidant environment3. Blockade of ROS signaling
with Tempol reversed the endothelial dysfunction evoked by mTORCL activation indicating
a crucial interaction between mTORC1 and ROS signaling. Moreover, inhibition of
mTORC1 signaling with rapamycin has been shown to improve the endothelial dysfunction
induced by angiotensin Il (Ang-11)8. However, the contribution of mMTORC1 signaling in
various cell types of the vasculature to the regulation of vascular function remains unclear.
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In this study, we tested the hypothesis that mTORCL1 signaling in endothelial and smooth
muscle cells is required for the regulation of vascular function and that disruption of
mTORC1 signaling affects vascular function. Using tamoxifen-inducible endothelial- and
smooth muscle-specific Cre drivers, we generated mice lacking the Rapfor gene selectively
in endothelial or smooth muscle cells. Our data show that loss of Raptor in endothelial

or smooth muscle cells lead to vascular dysfunction in a manner independent of changes

in blood pressure. We further show that vascular rings isolated from endothelial Raptor
haplo-insufficient mice are partially protected against the deleterious vascular endothelial
effects evoked by Ang-I1.

The data that support the findings of this study are available from the corresponding author
on reasonable request.

We generated two separate mouse models bearing either endothelial- or smooth
muscle-specific disruption of mMTORCL1 signaling. To conditionally disrupt mMTORC1
signaling in endothelial cells (TekC®ERT2/Raptor™F) we crossed Raptor™F female mice
(B6.CG-RPTORM1.1DMSA/J; Jackson Labs, stock #013188) with tamoxifen inducible
Tie-2 promoter Cre recombinase (Tek-CreERT2) male mice (Strain: B6.Cg-Tg(Tek-Cre/
ERT2)1Arnd/ArndCnrm; European Mouse Mutant Archive; stock #£M:00715). To disrupt
mTORC1 signaling specifically in smooth muscle cells (SMCTERT2/RaptorF/F), we crossed
Raptor™/F female mice (B6.CG-RPTORM1.1DMSA/J; Jackson Labs, stock #013188) with
tamoxifen inducible smMHC promoter Cre recombinase (sSmMHC-CreERT2) male mice
(Strain: B6.FVB-Tg(Myh11-Cre/ERT2)/1Soff/J; Jackson Labs; stock #019079) to generate
smooth muscle specific deletion of Raptor. To visualize Cre recombinase we crossed the
SMCTeERT2 mijce with ROSA (td-Tomato) reporter transgenic mouse line that has stop codon
flanked by loxP sites preceding the start position of a td-Tomato locus (Stop™/fl-tdTomato).
Cre recombination removes the stop site, leading to the expression of the fluorescent td-
Tomato protein. All mice were maintained on the B6 background for this study.

Tamoxifen (Sigma) dissolved in corn oil (vehicle) was administered intraperitoneally
(75mg/kg) daily for 5 consecutive days to 8-12 weeks old male mice. Molecular and
physiological analyses were performed 2- or 4-week post-Tamoxifen treatment as indicated.
All animal protocols were reviewed and approved by the Institutional Animal Care and Use
Committee at the University of lowa and adhere to animal care guidelines of the National
Institutes of Health.

Radiotelemetry Blood Pressure

Blood pressure, heart rate and activity were measured in conscious mice using
radiotelemetry (PA-C10; Data Sciences International) as described previously’: 8. Telemetry
catheters were inserted into the left carotid artery and telemeter units were placed in a
subcutaneous pocket on the right flank. After 10 days of recovery, blood pressure, heart rate
and activity were measured at baseline over a 4 consecutive day period prior to Tamoxifen
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treatment. The same parameters were then recorded for 3 consecutive days around 7, 14, and
28 days post-tamoxifen administration.

Vascular Function

Thoracic aortas (3mm length) and second-order mesenteric arteries (2mm length) were
dissected and mounted on a wire myograph (DMT Model 610M). Preload for aortic

rings was set at ~0.5g and starting tension (ICgqg) was applied to all mesenteric rings

as previously described® °. Aortic and mesenteric rings were sub-maximally contracted

with PGF,, (prostaglandin Fo, Lutalyse, Zoetis, provided by University of lowa

Pharmacy) or U-46619 (Cayman Chemical) and cumulative response curves to acetylcholine
(1nM-100puM) and SNP (sodium nitroprusside, 1nM-100uM) were assessed. Additionally,
cumulative contractile responses to phenylephrine (1nM-100uM), PGF,, (Prostaglandin
F2a, 1uM-100uM), U-46619 (1nM-10uM) and KCI depolarization (100mM) were assessed.

A subset of aortic rings were infected in 24hr culture (DMEM:F12 media) with Ad-S6KCA
(adenovirus expressing a constitutively active S6K), or Ad-GFP (adenovirus expressing a
green fluorescent protein, used as control) as previously described 3. A separate subset of
aortic rings was incubated with 100nM Ang-I1 or PBS (Vehicle) for 24hr. Data are expressed
as means + SEM and reported as percentage relaxation (%), maximal force generated (g), or
maximum tension generated (mN/mm).

Cell Sorting

Thoracic aortas were isolated and digested in an endothelial cell digestion buffer:
MCDB-131 complete media, collagenase A (1mg/mL), collagenase B (1mg/mL), and
DNasel (100ug/mL) at 37°C for 20 minutes. Cell suspension was subjected to cell sorting
using a neonatal cardiac endothelial cell isolation kit (Miltenyi Biotech #130-104-183)
and an autoMACS cell sorter (Miltenyi Biotech). Cell fractions were then processed for
molecular analysis.

Western Blotting

Aortic rings and endothelial positive and negative cell separations were homogenized in
RIPA buffer (#R0278; Sigma) and a protease inhibitor cocktail (#11836170001; Roche).
Lysates were subjected to SDS-PAGE electrophoresis and transferred to PVDF membranes
and probed for Raptor (1:1000; Cell Signaling #2280), eNOS (endothelial nitric oxide;
1:1000; BD Biosciences #610297), phospho-eNOS (Ser1177; 1:1000; Cell Signaling
#9571), phospho-S6 (1:5000; Cell Signaling #5364), total S6 (1:1000; Cell Signaling
#2217), total S6K (1:1000; Cell Signaling #2708), NRF2 (nuclear factor erythroid 2—related
factor 2; 1:1000; Abcam #ab62352), p62 (1:1000; Cell Signaling #5114), LC3A (1:1000;
Cell Signaling #4599), and pB-actin (1:50000; Proteintech #60008). Protein detection was
performed using HRP-conjugated anti-rabbit (1:10000; Cell Signaling #7074) or anti-mouse
(1:10000; Cell Signaling #7076) secondary antibodies and visualized either on film with an
ECL Prime chemiluminescent kit (GE Healthcare) or imaged on a Sapphire Biomolecular
Imager (Azure Biosystems). Densitometry was calculated with ImageJ software.

Hypertension. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reho et al.

Page 5

Immunofluorescence

Aortic rings of SMCTeERT2/Stopflfl-tdTomato mice were mounted in optimal cutting
temperature (OCT) solution and then cryo-sectioned at 10um thickness. Aortic rings
sections were fixed in 4% PFA for 20 minutes at room temperature. Immunohistochemistry
was performed on aortic ring sections to detect von Willebrand factor (VWF; 1:1000;
Abcam, ab8822). Confocal microscopy (Zeiss LSM710) was used to visualize images.

Statistical Analysis

Results

All data are presented as means + SEM. Data were analyzed and graphed using GraphPad
Prism 7 or 8 software. Group comparisons were performed using a One-way ANOVA

or unpaired #test where appropriate. Hemodynamic and vascular function analyses were
performed using a Two-way ANOVA with or without repeated measures and a Bonferroni
(2 groups) or Tukey’s (3 groups or more) post-hoc test. Statistical significance was accepted
with p<0.05.

Tamoxifen inducible endothelial-specific deletion of Raptor

To test the role of mMTORC1 signaling in the regulation of vascular endothelial function,
we generated a tamoxifen-inducible mouse model of endothelial-specific deletion of
Raptor, a critical subunit of the mTORC1 signaling complex. To this end, we crossed
Raptor/F female mice with a tamoxifen-inducible, endothelial-specific Cre recombinase
(TekCreERTZ/RaptorF) male mouse. We began by validating our model by isolating
endothelial cell fractions from pooled aortas of tamoxifen-treated Raptort’F (control) and
tamoxifen-inducible TekC®ERT2/Raptor™F conditional knockout male mice. Magnetically
sorted endothelial cell-positive and -negative fractions were then subjected to western

blot analysis to confirm knockdown of Raptor expression in TekCERT2/Raptor/F in
endothelial cells with no change in Raptor expression in stromal fractions (p<0.05 via
one-way ANOVA, Figure 1A). Four weeks after tamoxifen treatment body weight was

not different in tamoxifen-inducible endothelial-specific conditional Raptor knockout mice
relative to wildtype controls (Figure S1A in the online-only Data Supplement) indicating
that interfering with endothelial MTORC1 signaling does not affect the overall health of the
mice.

Endothelial-specific Raptor deletion impairs vascular endothelial function

We then tested the effect of endothelial deletion of Raptor on aortic and mesenteric vascular
function. Surprisingly, aortic rings isolated from tamoxifen-inducible endothelial-specific
conditional Raptor knockout male mice have reduced acetylcholine-mediated endothelial
vasorelaxation responses compared to tamoxifen-treated controls 4-week post-Tamoxifen
administration (Pinteraction<0.01 via two-way ANOVA with repeated measures; Figure 1B).
This reduction in acetylcholine-induced vasorelaxation was evident as early as 2-week post
Tamoxifen administration (p<0.05 via one-way ANOVA; Figure S1B). No differences were
noted in the endothelial-independent vasorelaxation responses evoked by SNP (Figure 1C
and Figure S1C). These data indicate that the detrimental effects of disrupting endothelial
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Raptor are restricted to the endothelium. Interestingly, this finding seems to be unique

to aortic function as there was no effect of endothelial Raptor conditional knockout

on resistance mesenteric artery relaxation responses (Figure SID-E). The reduced aortic
endothelial dependent acetylcholine-induced relaxation responses of TekC¢ERT2/RaptorF/F
male mice suggest reduced NO (nitric oxide) availability. Interestingly, we found a
significant decrease in the ratio of phospho-eNOS (Ser1177) to total eNOS protein in
TekCreERT2/Raptor™F male mice compared to tamoxifen-treated wildtypes (p<0.05 via
unpaired t-test; Figure 1D) with no change in total eNOS expression. NRF2 is a transcription
factor known to modulate antioxidant enzyme and NO availability9. Aortas isolated from
TekCreERTZ/Raptor™F male mice demonstrated a significant reduction in NRF2 expression
compared to tamoxifen-treated controls (p<0.05 via unpaired t-test; Figure 1E). Taken
together, these data suggest that loss of Raptor in endothelial cells results in reduced NO and
NRF2 signaling may account for the reduced endothelial-dependent relaxation responses in
the aorta of TekC®ERT2/Raptor™F mice. Surprisingly, endothelial deletion of Raptor did not
affect arterial pressure (Figure 1F and Figure S2A-B) or heart rate (Figure S2C). Physical
activity was also unchanged in TekC"eERT2/RaptorF/F mice compared to controls (Figure
S2D). These data suggest that the reduced endothelial-dependent vasorelaxation of the aorta
are not caused by blood pressure changes.

In addition to relaxation responses, we also investigated contractile responses to
tamoxifen-inducible endothelial-specific Raptor deletion in male mice. Tamoxifen-inducible
endothelial-specific Raptor conditional deletion did not affect contractile responses in aortic
or mesenteric arterial rings to PE (phenylephrine)-, PGF,.-, U-46619, or KCI-induced
(100mM) depolarization responses (Figure S3A-F).

Restoration of mMTORCL1 signaling rescues the endothelial dysfunction evoked by loss of

Raptor

To verify that the reduction in acetylcholine-mediated vasorelaxation responses in
TekCreERT2/Raptor™F male mice was mTORC1 signaling dependent, we rescued S6K
signaling, downstream of Raptor, using Ad-S6KCA (an adenovirus expressing a
constitutively active S6K) as previously described3. Aortic rings isolated from tamoxifen-
treated TekC®ERT2/RaptorF/F mice were infected, in culture (DMEM:F12; 24hrs), with Ad-
S6KCA or Ad-GFP (control) before they were subjected to wire myography. Efficacy of
adenoviral infection was demonstrated by increased expression of the total S6K in aortic
lysates and restoration of mMTORC1 signaling was demonstrated by increased phospho-S6/S6
levels in lysates of aortas subjected to adenoviral infection (p<0.05 via unpaired t-test;
Figure S4).

Adenoviral-mediated restoration of mTORC1 signaling in aortic rings of TekCreERTZ/
Raptor™F conditional knockout male mice reversed the reduction in the relaxation evoked
by acetylcholine (Pinteraction<0.05 via two-way ANOVA with repeated measures; Figure 2A)
without altering endothelial-independent SNP relaxation responses (Figure 2B). Maximal
relaxation to acetylcholine (100pM) was reduced in TekC"eERT2/Raptor’F mice compared to
tamoxifen-treated controls (p<0.05 via one-way ANOVA). This reduced maximal relaxation
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was maintained in culture with the Ad-GFP infection and was partially restored back to

control levels after Ad-S6KCA infection (p<0.05 via one-way ANOVA,; Figure 2C).

Endothelial-specific Raptor haploinsufficiency attenuates Ang-Il induced endothelial

dysfunction

The reduced acetylcholine-mediated endothelial responses in tamoxifen-inducible
endothelial homozygous Raptor deleted male mice led us to investigate whether Raptor
haploinsufficiency interferes with endothelial function using heterozygous tamoxifen-
inducible endothelial Raptor male mice (TekC®ERT2/RaptorF/*). Interestingly, we found that
heterozygous deletion of endothelial Raptor displayed normal endothelial function compared
to tamoxifen-treated wild-type (Raptor™*) controls (Figure 3A). No differences were found
in SNP-induced smooth muscle vasorelaxation responses (Figure 3B). These data suggest
that endothelial function is sensitive to the gene dosage of Raptor.

We next sought to challenge vascular rings from TekCeERT2/Raptor* mice with an
activator of mTORC1 signaling. Ang-11 has been previously demonstrated to activate
mTORC1 signaling in endothelial cells and blockade of mTORCL signaling with the
rapalog, rapamycin, attenuates the endothelial dysfunction associated with Ang-116.
Incubation of vascular rings from tamoxifen-treated control male mice (RaptorF/*)

with Ang-I1 resulted in a reduction in acetylcholine-mediated relaxation responses
(Pinteraction<0.0001 via two-way ANOVA with repeated measures; Figure 3C). Remarkably,
vascular rings from tamoxifen-treated TekC®ERT2/Raptor™* male mice incubated with
Ang-11 exhibited a partial attenuation of the reduced endothelial response induced by
acetylcholine. As expected, there were no difference in SNP-induced smooth muscle-
mediated relaxation responses (Figure 3D). Taken together, these data indicate that one
copy of the Raptorallele is sufficient to maintain endothelial homeostasis and function, and
this can also partially protect against the deleterious endothelial effects of Ang-I11.

Smooth muscle Raptor knockout alter endothelial and smooth muscle relaxation

Next, we tested the role of Raptor signaling in the regulation of smooth muscle function by
crossing Raptor™F female mice with a smooth muscle specific Cre driver (smMHCCTEERT2
referred to as SMC™®ERT2) male mice. We first validated the SMC™®ERT2 mouse model

by visualizing Cre dependent tdTomato expression in the vascular smooth muscle layer

of tamoxifen treated SMCTERT2/StopF/F_tdTomato reporter mice with tdTomato (red
fluorescence) being present in aortic smooth muscle cells, but not endothelial cells (stained
with VWF, Figure 4A). Next, we probed for Raptor expression in whole aortic and
mesenteric lysates obtained from in SMCERT2/Raptor™F mice treated with tamoxifen
compared to tamoxifen-treated wild-type male controls, SMC®ERT2/RaptorF/F mice treated
with tamoxifen displayed significant reduction in Raptor expression in both aorta (Figure
4B) and mesenteric artery (Figure S5A) associated with significant decrease in phospho-
S6 levels (Figure S5B-C) indicative of inhibition of mTORCL1 signaling. Similar to the
endothelial-specific conditional Raptor knockout model, there was no effect on overall body
weight measured 4-week post-Tamoxifen administration (Figure S5D).
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We then characterized aortic and mesenteric relaxation function in response to smooth
muscle-specific conditional Raptor knockout male mice. Surprisingly, aortic endothelial-
mediated responses to acetylcholine was reduced compared to tamoxifen-treated wild-type
male controls (Pinteraction<0.0001 via two-way ANOVA with repeated measures; Figure 4C).
SNP-induced smooth muscle relaxation was also reduced in mice lacking Raptor in the
smooth muscle (Pinteraction<0-001 via two-way ANOVA with repeated measures; Figure 4D).
However, there was no effects of smooth muscle Raptor knockout on mesenteric artery
relaxation responses (Figure S6A-B) similar to endothelial specific Raptor knockout mice.
Additionally, we found no change in phospho-eNOS levels suggesting NO signaling is intact
in these vascular segments (Figure 4E).

Smooth muscle Raptor knockout affect aortic contractility

We also investigated the contractile function in mice lacking the Raptor gene in smooth
muscle. Aortic contraction to phenylephrine was intact in smooth muscle Raptor null

male mice compared to tamoxifen treated controls (Figure 5A). Interestingly, smooth
muscle Raptor deletion caused a significant reduction in aortic contractile responses to
PGF24 (Pinteraction<0-0001 via two-way ANOVA with repeated measures; Figure 5B) and
KCI-induced depolarization (100mM; p<0.05 via unpaired #test; Figure 5C). We found no
effect of smooth muscle Raptor knockout on contractile functions in mesenteric arterial
rings (Figure S6C-E). The changes in aortic vascular function evoked by smooth muscle
Raptor deletion are independent of alterations in hemodynamic parameters as we found no
differences in arterial pressure (Figure 5D and Figure S7A-B) or heart rate (Figure S7C).
Activity was also not altered by smooth muscle Raptor deletion (Figure S7D).

Smooth muscle Raptor knockout activate vascular autophagy

mTORCL is a negative regulator of autophagy! and the reduced contractile function in
aortas of smooth muscle Raptor deleted mice suggests alterations in autophagy signaling.
Consistent with such possibility, smooth muscle Raptor gene deletion decreased expression
of autophagy markers p62 (p<0.05 via unpaired t-test, Figure 6) and increased the ratio of
LC3A-1I/LC3A-I (p<0.05 via unpaired t-test, Figure 6) in the aorta of smooth muscle Raptor
deleted mice compared to controls. These data indicate that selective Raptor deletion in
smooth muscle may alter aortic vascular function through activation of autophagy flux.

Discussion

In this study, we show that mMTORC1 signaling in endothelial and smooth muscle cells is
necessary for the regulation of vascular function. Indeed, we demonstrate that endothelial
cell-specific disruption of mMTORCL1 through deletion of Raptor results in impaired

aortic endothelial-mediated vasorelaxation responses with reduced NO activity and NRF2
expression. Furthermore, haploinsufficiency of endothelial Raptor attenuates the endothelial
dysfunction associated with the vascular actions of Ang-11 suggesting a critical role of
mTORC1 in mediating the vascular effects of Ang-I1. We also demonstrate that deletion

of Raptor in smooth muscle cells results in significant impairment in both endothelial- and
smooth muscle-mediated aortic vasorelaxation as well as reducing contractility to receptor-
dependent and -independent activation of the smooth muscle contractile apparatus. This was
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associated with activation of autophagic signaling in the aorta. Notably, the vascular changes
evoked by endothelial and smooth muscle Raptor deletion are independent from changes in
body weight, arterial pressure and heart rate. Taken together, these results demonstrate the
importance of mMTORCL signaling pathway for the regulation of both endothelial and smooth
muscle vascular function.

We recently implicated mTORCL signaling in the regulation of vascular endothelial
function. Activation of mTORC1 signaling via the branched chain amino-acid leucine or

an adenoviral construct encoding a constitutively active S6-kinase (Ad-S6KCA) resulted

in deficits in endothelial-mediated relaxation to acetylcholine without altering smooth
muscle relaxation or contractile responses3. This is in agreement with a study that used

a cocktail of branched chained-amino acids to activate the mTORC1 signaling pathway
which caused endothelial dysfunctionl2. Together, these studies suggest that activation of the
vascular mTORCL1 signaling above a critical threshold level leads to detrimental effects on
vascular endothelial function. Strikingly, here we show that conditional endothelial-specific
disruption of mTORCL1 also results in endothelial dysfunction without altering smooth
muscle relaxation or contractile responses. This outcome mirror the vascular changes evoked
by activation of mTORC1 signaling in cultured vascular rings we reported previously3.
Altogether, these findings indicate that either gain or loss of function of mMTORCL signaling
results in vascular endothelial dysfunction.

Consistent with our data, blockade of the mTORC1 pathway with rapamycin has been
associated with decreased vascular endothelial function. Moreover, sirolimus (rapamycin)
treatment leads to hypertension in heart transplant patients3 and sirolimus eluting

stents have been demonstrated to result in coronary artery endothelial dysfunctionl?.
Similarly, rapamycin infusion causes elevated arterial pressure and aortic endothelial
dysfunction in wild-type micel®. Thus, mTORCL1 signaling levels above or below these
triggering thresholds produce vascular endothelial dysfunction suggesting a physiological
range that vascular mTORCL signaling oscillates within to maintain vascular endothelial
homeostasis. Further supporting this concept, we found that mice with endothelial Raptor
haploinsufficiency (TekCeERT2/RaptorF/*; heterozygous deletion) did not alter vascular
endothelial or smooth muscle relaxation function suggesting the relaxation responses are
sensitive to the gene dosage and one copy of Raptor is enough to maintain vascular
homeostasis. These findings are in contrast with a recent report which showed that
heterozygous deletion of endothelial Raptor resulted in reduced vascular endothelial
function of mesenteric arteries!®. The reason for this discrepancy is currently unclear but
may involve differences in the efficacy of Tie2 Cre drivers used for endothelial specific
deletion of Raptor (i.e. tamoxifen-inducible versus constitutively expressed) as well as the
timing of Raptor deletion (adulthood versus embryonic).

We and others have previously demonstrated a paradoxical increase in expression of eNOS,
a critical enzyme in the generation of NO, in response to vascular nTORC1 activation® 12,
However, the reduced aortic endothelial-dependent vasorelaxation responses to endothelial
Raptor gene deletion was associated with decreased levels of phospho-eNOS protein in
whole aortic lysates isolated from TekCeERT2/RaptorF/F male mice compared to tamoxifen-
treated controls suggesting that endothelial Raptor deletion alone is not sufficient to alter
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NO signaling. NRF2 has been shown to modulate eNOS signaling through alterations in
antioxidant enzyme status'9. We found a significant decrease in expression of NRF2 in
aortas from TekCr®ERT2/Raptor™/F male mice suggesting that altered vascular oxidant stress
may be involved in the vascular endothelial dysfunction associated with reduced mTORC1
signaling. Additional analyses using in vivo functional studies and cultured endothelial cells
will be necessary to further explore further the link between Raptor/mTORC1 and NRF2
and eNOS in the endothelium.

In our previous report, we demonstrated using cultured vascular rings that activation of
mTORC1 signaling above a critical threshold with the Ad-S6KCA infection (downstream
of Raptor) causes endothelial dysfunction while maintaining smooth muscle relaxation and
contractile responses3. Our similar findings of reduced endothelial-dependent relaxation in
endothelial Raptor deleted mice led us to use Ad-S6KCA infection to restore mMTORC1
signaling back to normal physiological levels. Remarkably, Ad-S6KCA infection rescued
the decreased acetylcholine responses back to control levels further demonstrating the
critical role of MTORC1 signaling in the regulation of vascular endothelial function. In
addition, this further supports the concept of an upper and lower critical threshold level that
mTORC1 signaling oscillates within to maintain endothelial homeostasis and function.

mTORC1 integrates a variety of vascular signals including those arising from ROS, pro-
inflammatory cytokines, adipokines, and the renin-angiotensin system. Ang-Il activates
mTORCI signaling in endothelial® and smooth muscle cells!’. A study by Kim and
colleagues demonstrated that Ang-11 induced endothelial dysfunction could be ameliorated
with rapamycin pre-treatment through a mechanism that involve eNOS signaling. In

this study, we found that mice with endothelial Raptor haploinsufficiency were partially
protected against the endothelial dysfunction associated with acute Ang-1l incubation. These
data suggest that mTORC1 signaling is at least partially involved in the deleterious effects of
Ang-I1 on the endothelium. This is in contrast with the recent study by Yao and colleagues
that showed no effect of heterozygous deletion of endothelial Raptor on the development of
endothelial dysfunction evoked by chronic Ang-11 infusion8. Differences are likely due to
conditional versus constitutive Raptor deletion and differential techniques to induce Ang-II
mediated endothelial dysfunction.

mTORC1 signaling in smooth muscle contributes to several cellular processes such as
differentiationl8, migration®, proliferationZ, and autophagy?!. Using a tamoxifen-inducible
smooth muscle specific Cre driver, we deleted Raptor in smooth muscle cells and
demonstrated reduced relaxation and contractile function in aortic but not mesenteric
vascular rings. This suggest that the contribution of smooth muscle mTORCL1 to vascular
function is vascular bed specific. However, the size of the vessel may have contributed to the
differential vascular effects induced by Raptor deletion in smooth muscle cells.

The reduced contractile responses to receptor-dependent and -independent stimuli suggests
alterations in autophagy signaling. Indeed, dysregulation of autophagic flux has been
implicated in a variety of vascular-related diseases as well as smooth muscle phenotypic
diversity and in response to vascular injury22. Increased indices of autophagy has been
demonstrated in the vasculature such as endothelial cells in response to altered flow/shear
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stress23, obesity associated endothelial dysfunction?* and in smooth muscle cells through
modulation of a variety of cellular functions?®. Several mechanisms have been implicated

in the dysregulation of vascular autophagy including elevation in generation of reactive
oxygen species and a decrease in NO bioavailability25. Measurement of the autophagic
markers p62 and the ratio of LC3A-1I/LC3A-I revealed significant alterations in expression
of these markers suggesting that Raptor deletion and subsequent mTORC1 disruption induce
autophagy in these vascular segments which may contribute to the vascular dysfunction
associated with Raptor deletion in vascular smooth muscle cells. Further functional studies
are warranted to better understand the role of autophagy in the vascular defects evoked by
loss of Raptor and disruption of mMTORCL1 signaling in smooth muscle cells.

Perspectives

Our study demonstrates a critical role of mMTORCL1 signaling in endothelial and smooth
muscle cells in the control of vascular function. These findings suggest that alterations in
mTORC1 signaling may have detrimental implications for cardiovascular health in disease
conditions that affect mMTORC1 signaling such as diabetes, obesity and hypertension. Thus,
further understanding of the relevance of mTORCL signaling for vascular regulation under
physiological and disease conditions is warranted to determine the value of targeting this
pathway for therapeutic interventions to alleviate cardiovascular disease.
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Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What Is New?

. Conditional endothelial cells-specific disruption of mMTORC1 signaling alter
vascular endothelial-mediated relaxation response in the aorta.

. Reduction in endothelial mMTORC1 signaling R attenuate the endothelial
dysfunction evoked by Ang II.

. Smooth muscle cell-specific conditional disruption of mMTORCL signaling
reduces aortic endothelial- and smooth muscle-dependent relaxation
responses and receptor-dependent and -independent contractility.

What Is Relevant?

. Vascular mTORC1 signaling is a critical regulator of vascular endothelial and
smooth muscle reactivity and function.

mTORC1 signaling may represent a potential therapeutic target for the
treatment of vascular diseases.

Summary

We show that conditional endothelial cell-specific disruption of mMTORC1 through
deletion of Raptor results in impaired aortic endothelial-mediated vasorelaxation
responses. Haploinsufficiency in endothelial Raptor attenuates the endothelial
dysfunction associated with the vascular actions of Ang-I1. We also show that deletion
of Raptor in smooth muscle cells impairs aortic endothelial- and smooth muscle-
mediated aortic vasorelaxation as well reducing contractility to receptor-dependent and
-independent activation. These results highlight the importance of mTORCL1 signaling
pathway for the regulation of both endothelial and smooth muscle vascular function.
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Figure 1 —. Conditional endothelial-specific Raptor deletion impairs endothelial relaxation

responses.
(A) Validation of endothelial-specific Raptor knockout in

aortas from tamoxifen-treated

control (RaptorF/F) and endothelial-specific conditional Raptor knockout (TekCreERTZ/
RaptorF/F) male mice. Representative western blot images of magnetically sorted endothelial

(EC+) and stromal fractions (EC-) probed for Raptor and

B-actin (n=3 independent

experiments; *p<0.05 via one-way ANOVA). (B-C) Vasorelaxation responses induced by

endothelial-dependent ACh (acetylcholine; B) and endoth

elial-independent SNP (sodium

nitroprusside; C) of aortic rings of tamoxifen-treated Raptor™F and TekCr¢ERT2/RaptorF/F

male mice (n=7-8/group) (*p<0.05 via two-way ANOVA

with repeated measures). (D-E)

Representative western blot images of aortic lysates isolated from tamoxifen-treated control
(RaptorF’F) and endothelial-specific conditional Raptor knockout (TekCeERT2/RaptorF/F)

male mice probed for phospho-eNOS (Ser1177), eNOS (*p<0.05 via unpaired t-test; D) and
NRF2 (*p<0.05 via unpaired t-test; E). p-actin was used as loading control. (F) Comparison
of mean arterial pressure (MAP) between TekCeERTZ/Raptor™F and RaptorF/F control male

mice at baseline and after tamoxifen treatment.
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Figure 2 —. Adenoviral-mediated rescue of MTORC1 signaling restores endothelial function in
response to endothelial Raptor deletion.

(A-B) Vasorelaxation responses to ACh (acetylcholine; A) and SNP (sodium nitroprusside;
B) of aortic rings isolated from tamoxifen-treated TekC¢ERT2/RaptorF/F conditional
knockout male mice and infected in culture with Ad-GFP or Ad-S6KCA (DMEM:F12;
24hrs; n=10/group; *p<0.05 via two way ANOVA with repeated measures). (C)

Maximal ACh relaxation responses (100uM) of aortic rings from indicated groups
(*1p<0.05 vs Raptor/F+Tx; $p<0.05 vs TekCreERTZ/Raptor/F+Tx; §p<0.05 vs TekCreERTZ/
Raptor /F+Tx+GFP via one-way ANOVA).
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Figure 3 —. Tamoxifen-inducible endothelial Raptor haploinsufficiency attenuates Ang-11-

induced endothelial dysfunction.

(A-B) Aortic relaxation responses of tamoxifen-treated TekC®ERT2/Raptor™* and control
(Raptort/*) male mice to ACh (acetylcholine; A) and SNP (sodium nitroprusside; B) (n=4-
5/group). (C-D) Aortic relaxation responses induced by ACh (C) and SNP (D) in tamoxifen-
treated TekC®ERT2/Raptor™* mice and control (Raptor™*) male mice cultured for 24hrs
with Ang-11 (100nM) or PBS (n=12/group) (*p<0.05 vs Raptor™/*+Tx+PBS via two-way
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ANOVA with repeated measures; Tp<0.05 vs Raptor™*+Tx+Ang-I1 via two-way ANOVA
with repeated measures).
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Figure 4 —. Conditional smooth muscle-specific Raptor deletion alters aortic relaxation
responses.

(A) Evidence of smooth muscle-specific Cre recombinase (presence of red fluorescent
td-Tomato) in the aorta of SMCTERT2/Stopfl/fl_tdTomato reporter mice. (B) Representative
western blot images and quantification of Raptor in aortas from SMC"eERT2/RaptorF/F and
tamoxifen treated control male mice (*p<0.05 via unpaired t-test). f-actin was used as
loading control. (C-D) Relaxation responses to ACh (acetylcholine; C) and SNP (sodium
nitroprusside; D) of aortic rings of SMC™ERT2/RaptorF/F male mice and controls (n=8/
group; *p<0.05 via two-way ANOVA with repeated measures). (E) Representative western
blot images and quantification of phospho-eNOS (Ser1177) and eNOS in aortas from
SMCTeERT2/RaptorF/F male mice treated with tamoxifen or corn oil (vehicle). *P<0.05 vs
controls via t-test (B) or two-way ANOVA with repeated measures (C-D).
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Figure 5 —. Conditional smooth muscle-specific Raptor deletion alters differentially the aortic
contractile responses.

(A-C) Contractile responses to PE (phenylephrine; A), PGF,, (Prostaglandin F2a, B) and
100mM KCI (C) of aortic arterial rings from SMCTERT2/RaptorF/F male mice and controls
(n=8/group; *p<0.05 via two-way ANOVA with repeated measures or unpaired t-test). (D)
Comparison of mean arterial pressure (MAP) between SMCTERT2/RaptorF/F male mice and
controls at baseline and after tamoxifen treatment.
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Figure 6 —. Conditional smooth muscle-specific Raptor deletion alters vascular autophagic

signaling.
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(A-C) Representative western blot images (A) and quantification data of p62/p-actin (B) and
LC3A-II/LC3A-I (C) in the aorta of smooth muscle-specific conditional Raptor knockout

(SMCTEERT2/RantorF/F) mice treated with tamoxifen or vehicle (corn oil) (*p<0.05 via

unpaired t-test).
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