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Abstract

Rationale: Peripheral artery disease, common in metabolic syndrome and diabetes, responds
poorly to medical interventions, and is characterized by chronic vessel immaturity leading to lower
extremity amputations.

Objective: To define the role of reversible palmitoylation at the endothelium in the maintenance
of vascular maturity.

Methods and Results: Endothelial knockout of the depalmitoylation enzyme acyl-protein
thioesterase 1 (APT1) in mice impaired recovery from chronic hindlimb ischemia, a model of
peripheral artery disease. Endothelial APT1 deficiency decreased fibronectin processing, disrupted
adherens junctions, and inhibited in vitro lumen formation. In an unbiased palmitoylation
proteomic screen of endothelial cells from genetically modified mice, R-Ras, known to promote
vessel maturation, was preferentially affected by APT1 deficiency. R-Ras was validated as an
APT1 substrate, and click chemistry analyses demonstrated increased R-Ras palmitoylation in
cells with APT1 deficiency. APT1 enzyme activity was decreased in endothelial cells from db/db
mice. Hyperglycemia decreased APT1 activity in HUVECS, due in part to altered acetylation of
the APT1 protein. Click chemistry analyses demonstrated increased R-Ras palmitoylation in the
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setting of hyperglycemia. Altered R-Ras trafficking, increased R-Ras palmitoylation, and
fibronectin retention were found in diabetes models. Loss of R-Ras depalmitoylation caused by
APT1 deficiency constrained R-Ras membrane trafficking as shown by TIRF imaging. To rescue
cellular phenotypes, we generated an R-Ras molecule with an inserted hydrophilic domain to
circumvent membrane rigidity caused by defective palmitoylation turnover. This modification
corrected R-Ras membrane trafficking, restored fibronectin processing, increased adherens
junctions, and rescued defective lumen formation induced by APT1 deficiency.

Conclusions: These results suggest that endothelial depalmitoylation is regulated by the
metabolic milieu and controls plasma membrane partitioning to maintain vascular homeostasis.

GRAPHICAL ABSTRACT

As many as 10% of proteins are palmitoylated, a modification involving the addition of the fatty
acid palmitate to cysteine residues to promote interaction with cell membranes. More than 20
acyltransferases catalyze this reaction, and several are expressed in endothelial cells, but a small
number of enzymes remove palmitate to allow for palmitoylation cycling (repeated palmitoylation
followed by depalmitoylation). Here we show that the depalmitoylation enzyme APT1 is required
for vascular remodeling in chronic ischemia and the activity of this enzyme is decreased in
diabetes. Hyperglycemia decreased acetylation of APT1 and treatment with a class I and Il HDAC
inhibitor, but not a class Il (sirtuin) inhibitor, restored the acetylation of APT1. R-Ras, important
for vessel maturation, was identified in a palmitoylation proteomic screen of endothelial cells. In
APT1 deficient endothelial cells, impaired R-Ras membrane trafficking was rescued by modifying
the palmitoylated R-Ras molecule to promote dissociation from membranes. These observations
identifypalmitoylation cycling as a potential therapeutic target in the treatment of vascular disease.
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INTRODUCTION

Peripheral artery disease, atherosclerotic occlusive disease of the lower extremities, affects
more than 200 million individuals globally and its prevalence is increasing with the aging of
the population.! The disease is common in people with the metabolic syndrome, insulin
resistance, and diabetes, 2~ and it predicts major cardiovascular events, stroke, and death.>
Patients with peripheral artery disease treated with statins are less likely to die from
coronary events, but medical therapy does not prevent limb loss.5-8 For people with
diabetes, myocardial infarctions have declined but amputations have not.% 10

Impaired tissue perfusion in occlusive arterial disease is associated with disturbed
homeostasis in endothelial cells. In the setting of decreased perfusion and diabetes or insulin
resistance, vascular remodeling is distorted,!! characterized by decreased assembly of
adherens junctions and other structural defects. Persistent exposure to angiogenic signals
activates endothelial cells and triggers vascular instability. Excessive endothelial activation
leads to deposition of fibronectin, prompting vascular inflammation, oxidative stress, and
pathological remodeling that produces immature, unstable blood vessels.11: 12 Current
therapies do not correct abnormal vascular remodeling.

During development, fibronectin is required for embryogenesis and vasculogenesis,3 but in
adults, fibronectin contributes to provisional matrix utilized for tissue repair.14 Derived from
both local synthesis and uptake from the circulation, fibronectin engages integrin receptors
to assemble extracellular fibrillar networks and organize the intracellular cytoskeleton.1%: 16
Disruption of this process leads to retention of insoluble fibronectin that impairs blood
vessel maturation.1” Abnormal integrin signaling hampers fibronectin remodeling,18 and the
translocation and ectopic activation of B1 integrin triggers contractile forces that destabilize
adherens junctions.1?

Since current medical therapy is suboptimal for preventing limb loss, unconventional
biomarkers like fibronectin and fatty acids might suggest novel approaches. Circulating
fibronectin is increased in humans with peripheral artery disease and those with metabolic
disorders like diabetes.20: 21 Dietary saturated fatty acids like palmitate are associated with
peripheral artery disease and type 2 diabetes.22-24 How the lipid milieu alters fibronectin
metabolism to destabilize blood vessels is unknown, but lipid modification of proteins has
been implicated in infections, premature aging, cancer, and diabetes.24 25

One such modification is palmitoylation (S-acylation), the formation of a thioester bond
between palmitate and cysteine.2® Protein palmitoylation promotes association with
hydrophobic domains such as those found in membranes, and it is reversible, allowing
adaptive membrane affinity of proteins through de/repalmitoylation cycling. Cytosolic and
membrane proteins are thought to be palmitoylated by a large family of DHHC
acyltransferases, many expressed in endothelial cells.2” The family of depalmitoylation
enzymes is small and includes acyl-protein thioesterases 1 and 2 (APT1 and APT2), two
distinct proteins that are conserved in all vertebrates.28 APT1 is thought to be important for
active depalmitoylation,2® but its physiology in vascular disease is unknown. Using mouse
models, cell systems, and arterial samples from humans with end-stage peripheral artery
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disease, we tested the hypothesis that inadequate palmitoylation cycling promotes
endothelial instability, a hallmark of chronic arterial occlusive disease.

METHODS

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

Mouse protocols.

All animal protocols were approved by the Institutional Animal Care and Use Committee
(IACUC) at Washington University. An APT1 floxed mouse model was generated at
Washington University. Mice were fed standard chow in a specific pathogen-free facility
with a 12-h light—dark cycle.

APT1 activity.

HUVECs were trypsinized and incubated with DPP320 (1 uM) in PBS (1% FBS) for 20 min
at room temperature. The emission fluorescence of the cell suspension was acquired by
digital FACScan (Cytek Development) using a blue laser (488 nm) and FL1 filter (530/30).
Both data collection and post-acquisition analysis were performed in Flowjo. Background
signals, obtained from samples without staining, were subtracted from the data. For
endothelial cells from db/ab mice, lungs were digested using collagenase and single cell
suspensions were stained for CD45 (PerCp/Cy5.5, BioLegend) and CD31(APC, Thermo).
After washing, APT1 was assayed using DPP3 (5 uM).

Statistical analyses.

Analyses were performed using GraphPad software (La Jolla, CA). Data are represented by
scatter dot plot (with mean £ SEM) or box/whisker plot, and p<0.05 was considered
significant.

Additional Methods are described in the Online Supplement.

RESULTS

Endothelial APT1 deficiency impairs vascular remodeling after hindlimb ischemia.

We generated a mouse with floxed Lyplal (encoding the APT1 protein, Online Fig. IA-C).
APT1 floxed mice (homozygous at the floxed allele) were bred with Tie2-Cre mice to yield
endothelial cell-specific APT1 knockout mice. Lyplal transcript (Online Fig. ID) and APT1
protein (Fig. 1A) were decreased in primary cultures of aortic endothelial cells from Tie2-
APT1 KO animals, which grew normally as compared to floxed controls (without Cre) to six
months of age.

When these mice were subjected to femoral artery ligation, a model of peripheral artery
disease, the restoration of limb perfusion assessed by Doppler imaging was decreased in
Tie2-APT1 KO mice (Fig. 1B,C). Ischemia-induced perfusion recovery involves remodeling
of arteries (arteriogenesis) and capillaries (angiogenesis).3! Using X-ray angiography (Fig.
1D), vessel area (Fig. 1E) was reduced in Tie2-APT1 KO mice compared to controls.
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Quantitative histology of vessels in the adductor muscle group on the non-ligated side
showed no genotype difference in lumen circumference (Fig. 1F, 110 arteries from 3
controls, 77 arteries from 3 knockouts). Measurements of the ligated side confirmed
decreased arteriogenesis as lumen size of arteries in knockout animals was smaller with
endothelial APT1 deficiency (Fig. 1G, 49 arteries from 5 controls, 81 arteries from 6
knockouts). For angiogenesis, examination of microvessels (Fig. 1H for quantitation and
Online Fig. IE for representative images) showed decreased pericyte (NG2 positive cells)
coverage of microvascular networks in Tie2-APT1 KO mice with ischemia, a manifestation
of vascular immaturity. To confirm these findings, the floxed mice were crossed with
animals carrying an inducible Cre, VE-cadherin-CreERT2.32 Following postnatal activation
of Cre with 4-OH-tamoxifen, APT1 protein was decreased in cultured endothelial cells
derived from VEC-APT1 KO (VE-cadherin-CreERT2: APT1 f/f) mice but not floxed
controls without Cre (Fig. 11). Tamoxifen-treated VEC-APT1 KO mice showed decreased
hindlimb perfusion recovery after femoral artery ligation (Fig. 1J,K). Deficient recovery of
perfusion was associated with reduced arterial expansion assessed by angiography (Fig.
1L,M). On the non-ligated side, there was no genotype difference in lumen circumference
(Fig. 1N, 55 arteries from 3 controls, 68 arteries from 3 knockouts). Measurements on the
ligated side showed decreased arteriogenesis with APT1 deficiency (Fig. 10, 29 arteries for
3 controls, 32 arteries for 3 knockouts). Ischemia was also associated with decreased
pericyte coverage of microvessels as well as decreased numbers of both capillaries and
pericytes (Fig. 1P for quantitation and Online Fig. IF for representative images). These
findings confirm those in Tie2-APT1 KO mice and indicate that endothelial APT1 is
required for vascular remodeling and vessel maturity in chronic ischemia.

APT1 coordinates fibronectin processing by endothelial cells.

Stable endothelial cells interact with matrix enriched in collagen IV and laminin and
depleted of fibronectin. Following injury, vessel repair requires efficient processing of
provisional matrix proteins like fibronectin. Fibronectin exists in a soluble form consisting
of dimeric proteins that self-associate to form fibrils, and an insoluble form produced by
ongoing fibronectin association to yield large branched fibril complexes. Tie2-APT1 KO
aortas compared to control aortas had increased soluble and insoluble fibronectin (Fig. 2A),
which may promote vascular immaturity. Two weeks after femoral artery ligation,
fibronectin was increased in the intima but not the media of lower extremity arteries of Tie2-
APT1 KO mice as compared to controls (Fig. 2B), and increased in the intima but not the
media of lower extremity arteries of VEC-APT1 KO mice (Online Fig. I1A). The finding of
increased vascular fibronectin content prompted us to study fibronectin metabolism in the
setting of endothelial APT1 deficiency.

Assembly of fibronectin matrix was decreased in APT1-deficient cells. In aortic endothelial
APT1 KO cells (Online Fig. 11B) and APT1-KD (knockdown) HUVECSs (Online Fig. 11C),
the ratio of insoluble/soluble fibronectin was decreased compared to controls, suggesting
impaired self-association required for mature matrix. Decreased maturation of fibronectin
matrix was particularly prominent in APT1-KD cells (Online Fig. I1D), where fibrils were
not only sparse but also more isotropic as compared to control cells (SC). Turnover of
exogenous fibronectin was also decreased in APT1-deficient cells. In pulse-chase studies
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using biotin-labeled fibronectin, the 0 time point of the chase showed increased soluble
fibronectin but decreased insoluble fibronectin in APT1 KO compared to control cells (Fig.
2C, Fig. 2D). During the chase, labeled insoluble fibronectin was mostly cleared in control
cells, but retained in APT1 KO cells (Fig. 2C, Fig. 2E). Similar results were seen in APT1-
KD HUVECSs (Online Fig. lIE,F).

Since intimal retention of fibronectin characterizes our model systems of APT1 deficiency,
we quantified fibronectin immunostaining in cross sections of human arterial samples
prepared from minimally diseased tissue isolated at the time of lower extremity amputations
in 8 patients (age 58 + 4, BMI 31 * 2, 6 of 8 had type 2 diabetes, 2 of 8 were females, also
see Online Table I). The ratio of intima fibronectin content to media fibronectin content was
positively associated with intima-media thickness (Pearson correlation r2=0.455, p=0.023,
11 samples in 8 patients, Fig. 2F,G), a measure of the extent of luminal occlusion in arterial
disease.

Fibronectin matrix assembly and turnover requires the binding of fibronectin to integrins, so
APT1 deficiency would be expected to uncouple the integrin-fibronectin interaction.
Consistent with this prediction, co-localization of B1 integrin-enriched fibrillar adhesions
(using 9EG7 antibody in Fig. 3A-D and confirmed using MB1.2 antibody in Fig. 3E-H) and
endogenous fibronectin was disrupted in APT1 KO cells. In APT1 deficiency, some regions
of fibronectin staining were punctate and remote from integrin staining.

Altered lumen formation and cell adhesion with APT1 deficiency.

In two-dimensional vitro angiogenesis assays using Matrigel (solubilized basement
membrane matrix), the tubular network formed by APT1-deficient endothelial cells was not
decreased (Online Fig. I11A). In contrast, APT1-deficient cells coated on Cytodex
microcarrier beads and embedded in a three-dimensional fibrin gel formed disorganized
sprouts. Unlike control cells, APT1 KO endothelial cells gave rise to tree-like structures with
broken branches and isolated cells (Fig. 4A). The same pattern was seen with APT1 KD
HUVECs (Online Fig. 111B). Moreover, tube diameter induced by fibroblast co-culture was
decreased with APT1 deficiency compared to controls (representative image and
quantitation in Fig. 4B), an observation confirmed by confocal imaging (Fig. 4C). Abnormal
sprouting in a three-dimensional matrix suggests that APT1 deficiency impairs endothelial
cell adaptations inherent to vessel remodeling mediated by cell-matrix and cell-cell
interactions.33

Endothelial APT1 deficiency is associated with increased retention of fibronectin (Fig. 2),
which enhances integrin signaling, increases cell spreading, and reorganizes cytoskeletal
stress fibers.3# F-actin stress fibers were increased in APT1-deficient endothelial cells from
mice (Fig. 4D). These cells also had increased cell-matrix adhesions reflected by more
integrin p1-enriched fibrils (clustered on the ventral surface of the cell body) that co-
localized with F-actin and paxillin-containing adhesion complexes (Fig. 4E). Cell spreading
was increased in APT1 KO compared to control cells (Fig. 4F). Similar findings were made
using APT1 KD HUVECs (Online Fig. I1IC-G).
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Cell-cell interactions required for angiogenesis are mediated in part by adherens junctions,
characterized by the protein VE-cadherin. Adherens junctions were reduced in confluent
APT1 KO endothelial cells (Fig. 4G) as well as APT1 KD HUVECs (Online Fig. I11 H)
compared to controls. VE-cadherin appeared to accumulate intracellularly in APT1-deficient
ECs (Online Fig. H11 I). Total VE-cadherin protein content was not decreased in APT1-
deficient HUVECs or aortic endothelial cells (Online Fig. 111 J,K), suggesting that defective
palmitoylation is associated with appropriate production of VE-cadherin but impaired
assembly of adherens junctions. One reading of these findings is that loss of palmitoylation
cycling increases fibronectin, leading to endothelial cell activation and increased
intracellular tension that disrupts adherens junctions. Consistent with this interpretation,
imaging showed increased F-actin distribution centrally, decreased F-actin distribution at the
cell cortex, and decreased VE-cadherin with APT1 deficiency (Fig. 4H).

APT1 depalmitoylates R-Ras protein.

We used proteomics to characterize APT1 substrates (Online Fig. IVA). Palmitoylated
protein-enriched samples from primary cultured mouse endothelial cells were individually
labeled with tandem mass tags for multiplexed quantitation. Three matched groups of
control and knockout cell preps were analyzed and normalized fold changes with p values
were generated for individual proteins (Online Fig. VI B-C). Among >3,200 identified
proteins, 74 palmitoylated proteins were significantly increased or decreased between
genotypes (moderated p values <0.05 and =2 peptides, Online Table I1). Fifty-two were
candidate APT1 substrates (increased palmitoylation in knockouts without differences in
protein abundance for that candidate), including several known APT1 substrates (Online Fig.
IVD). Increased palmitoylation was confirmed for H-Ras and Flot1 (Online Fig. IVE).
Potential APT1 substrates were analyzed by functional annotation clustering (DAVID,
Online Table 111). Consistent with our observation that APT1 deficiency altered cell-matrix
interactions, the highest-scoring significant pathway (Fig. 5A) was focal adhesion (Gene
Ontology Term: 0005925, p=0.014 by Benjamini). Of the seven proteins in this cluster (Fig.
5B), R-Ras has been implicated in vessel maturation, integrin trafficking, fibronectin
biology, and adherens junction integrity.35-39

R-Ras palmitoylation was increased in APT1-deficient HUVECs, APT1-deficient mouse
endothelial cells, and in skeletal muscle (an endothelial-rich tissue) from mice with APT1
deficiency (Fig. 5C-E). R-Ras palmitoylation was not increased in skeletal muscle tissues of
APT2 knockout mice (Fig. 5F), suggesting specificity of the effect of APT1 on R-Ras. R-
Ras can affect Akt signaling,3° but Akt phosphorylation was not altered in APT-deficient
endothelial cells (Online Fig. VA).

Transfection of tagged APT1 (levels of expressed and endogenous APT1 are shown in
Online Fig. VB) decreased the association of a palmitic acid analog with R-Ras in a click
chemistry-based palmitoylation assay (Fig. 5G) and promoted its removal from R-Ras in
chase experiments (Fig. 5H). GFP-R-Ras expression in control and APT1-deficient
HUVECs followed by palmitic acid alkyne labeling and time dependent detection of R-Ras
showed increased palmitoylated R-Ras with APT1 deficiency (Fig. 51,J), consistent with a
role for APT1 in R-Ras palmitoylation dynamics in endothelial cells.
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Increased R-Ras palmitoylation and decreased APT1 enzyme activity in diabetes models.

Peripheral artery disease is associated with diabetes and metabolic syndrome. APT1 mRNA
and protein were not reduced in cells cultured in high glucose or aortic extracts from adb/ab
mice, a model of type 2 diabetes characterized by striking hyperglycemia (Online Fig.
VIA,B). However, when GFP-R-Ras was expressed in HUVECs cultured under normal
glucose and high glucose conditions, click chemistry palmitic acid alkyne labeling followed
by time dependent detection of R-Ras demonstrated increased palmitoylated R-Ras in the
high glucose condition (Fig. 6A,B), suggesting decreased APT1 enzyme activity with
hyperglycemia. APT1 enzyme activity (determined using DPP3, a molecule with a thioester
bond that fluoresces after cleavage by depalmitoylases3?) was decreased in endothelial cells
isolated from the lungs of control and db/ab mice (Fig. 6C). Consistent with decreased ATP1
enzyme activity, R-Ras palmitoylation was increased in muscle tissue from db/adb mice (Fig.
6D), and there was increased retention of insoluble fibronectin in aortic tissue from db/ab
mice (Online Fig. VIC). R-Ras palmitoylation was also increased in HUVECS cultured in
high glucose (Fig. 6E). APT1 enzyme activity determined using the fluorescent substrate
DPP3 was decreased in HUVECs cultured in high glucose (Fig. 6F).

APT1 is known to be subject to acetylation,*® a common modification linked to altered
metabolism,*! and pull down assays showed decreased APT1 acetylation in HUVECs
cultured in high glucose (Online Fig. VID). Histone deacetylase (HDAC, also known as
lysine deacetylase because targets are not limited to histones) inhibition may improve
experimental diabetes complications. Treatment with the class | and 11 HDAC inhibitor
trichostatin A (TSA), but not the class Il (sirtuin) inhibitor nicotinamide, increased
acetylation of tagged APT1 (Online Fig. VIE), and TSA treatment caused a time-dependent
increase in APT1 enzyme activity in HUVECs (Online Fig. VIF). In HUVECs, TSA
partially reversed the inhibition of APT1 enzyme activity by high glucose (Fig. 6F).

To further implicate acetylation as a potential molecular mechanism in the alteration of
ATP1 activity by hyperglycemia, we examined specific APT1 residues. K224 of APT1 is
exposed on the C-terminal a-helix.?8 K224R and K224A mutations but not a K224Q
mutation (mimicking acetylated lysine) decreased the activation potential of APT1 in an
activity-based in vitro pull-down assay (Online Fig. VIIA). Moreover, purified recombinant
K224Q mutant APT1 protein had increased enzyme activity compared to the recombinant
wild type enzyme (Online Fig. VIIB-E). Increased acetylation of wildtype APT1 protein
with TSA treatment was blunted in APT1 protein bearing the K224R mutation (Online Fig.
VI1IF), consistent with a role for lysine residue 224 of APT1 in the posttranslational control
of APT1 activity.

Hyperglycemia also decreased VE-cadherin junctional signals in HUVECs (Online Fig.
VIIIA), and impaired exogenous fibronectin turnover as reflected by a decreased ratio of
insoluble/soluble label at time 0 and increased insoluble retention after a 2 h chase (Online
Fig. VIIIB-D), mirroring fibronectin processing defects found in endothelial cells with
genetic inactivation of APT1 (Online Fig. 11B,C,E). Hyperglycemia thus produces functional
APT1 deficiency that mimics genetic APT1 deficiency in terms of increased R-Ras
palmitoylation, altered cell contacts, and fibronectin metabolism.
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APT1 and membrane trafficking.

Since palmitoylation promotes association with hydrophobic domains, we examined
membrane trafficking in the presence and absence of APT1. Crude membrane fractionation
revealed no APT1-dependent effects on the global membrane localization of R-Ras (Fig.
7A). However, cell fractionation by density gradient centrifugation in the absence of
detergents showed that APT1 deficiency caused R-Ras to preferentially localize in bottom
fractions (Fig. 6B, with the shift to non-raft fractions indicated by a red box). This shift to
non-raft fractions was not seen with Flotl, suggesting that APT1 deficiency has relatively
specific effects on R-Ras.

In HUVECsS, high glucose (which decreases APT1 enzyme activity) also caused R-Ras but
not Flot1 to shift to non-raft heavy fractions (Online Fig. IXA, with the R-Ras shift denoted
by a red box). To begin to address the nature of this heavy fraction compartment,
fractionation was performed in control HUVECs after palmitic acid alkyne labeling. After a
one hour pulse of the palmitic acid alkyne in wild type cells, palmitoylated R-Ras was
preferentially detected in the heavy fraction compartment (Online Fig. IXB). As compared
to control HUVECs, APT1 deficient HUVECs showed increased palmitic acid alkyne
labeling of heavy fractions at 30 min.

We imaged R-Ras tagged with N-terminal monomeric GFP (MEGFP-R-Ras). Like native R-
Ras, GFP-tagged R-Ras shifted to include heavy (non-raft) fractions in APT1-knockdown
cells (Online Fig. XA, with the shift to non-raft fractions indicated by a red box). Cells
coated on gelatin showed little R-Ras at the plasma membrane, but cells cultured on
fibronectin (Online Fig. XB) contained tagged R-Ras at cell junctions. With APT1
deficiency, R-Ras was localized away from cell junctions (and structures such as lipid rafts)
toward the cell center/perinuclear region (Online Fig. XC), consistent with cell fractionation
data showing a shift of R-Ras toward a non-raft compartment. Using confocal microscopy,
R-Ras was identified at the cell surface in control cells (SC) and at intracellular vesicles in
APT1 KD cells (KD, Online Fig. XD). Using TIRF imaging of live primary endothelial
cells, R-Ras formed matrix-adhesion-like structures close to the cell surface in control cells,
and these were expanded in APT1 KO cells (Fig. 7C), suggesting that the loss of
depalmitoylation disrupted membrane trafficking involving focal adhesions. Time lapse
TIRF imaging of mMEGFP-R-Ras revealed reduced turnover of R-Ras-positive structures
(less assembly and less disassembly) in knockout as compared to control cells (Fig. 7D-E).
Particle tracking analyses (Fig. 7F) showed that R-Ras proteins had decreased speed and
displacement distance in KO as compared to control cells (Fig. 7G—H), and decreased
turnover (as reflected by increased track duration, Fig. 71 and Online Video I) in KO as
compared to control cells.

An R-Ras mutant rescues APT1 deficiency in vitro.

To provide proof of principle that the adverse effects of APT1 deficiency are mediated by
delayed R-Ras trafficking, we generated mutations at the R-Ras C-terminus (CPCVLL,
including the palmitoylation cysteine at residue 213 and prenylation cysteine at residue 215,
Fig. 8A) with a goal of decreasing C-terminal hydrophobicity. The non-polar proline residue
between the two lipidated cysteines was converted to a positively charged Histidine to
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generate an H mutant with the modestly altered terminus CHCVLL, and the short
hydrophilic sequence RSGRSG was Inserted to generate an | mutant with the more
hydrophilic terminus CRSGRSGPCVLL (Fig. 8A). Wild type, H mutant and | mutant R-Ras
were expressed under conditions allowing similar confocal detection of each tagged protein
at the cell surface in HUVECs (Online Fig. XIA). Live cell imaging by TIRF microscopy in
APT1 KD cells showed increased migration speed for the | mutant but not the H mutant
(Fig. 8B,C, Online Video Il), suggesting that decreasing hydrophobic affinity can correct the
effect of constitutive palmitoylation on R-Ras trafficking. Akt phosphorylation was the same
in cells expressing wild type R-Ras and the H and | R-Ras mutants (Online Fig. XIB).

In addition to disturbing R-Ras trafficking, APT1 deficiency impairs fibronectin metabolism
(Fig. 2), disrupts the formation of adherens junctions (Fig. 4G,H), and inhibits lumen
formation (Fig. 4A-C). Processing of labeled fibronectin was decreased in APT1-deficient
cells expressing wild type R-Ras (KD-W) as compared to control cells expressing wild type
R-Ras (SC-W), but fibronectin metabolism was restored in APT1-deficient cells expressing
the | mutant R-Ras (Fig. 8D,E). Adherens junctions were decreased in APT1-deficient cells
expressing wild type R-Ras (KD-W) as compared to control cells expressing wild type R-
Ras (SC-W), but increased in APT1-deficient cells expressing the I mutant R-Ras (Fig.
8F,G). Endothelial cell sprouting assays using fibrin gel beads showed that expression of the
| mutant, but not the H mutant, rescued the decreased lumen diameter in APT1 knockdown
cells (Fig. 8H,1). Thus, in the setting of APT1 deficiency, reducing the hydrophobicity of R-
Ras improves R-Ras trafficking, fibronectin metabolism, adherens junction assembly, and
lumen formation.

DISCUSSION

Our findings implicate deficient endothelial palmitoylation cycling (the inability to remove
palmitate from proteins to allow dynamic re-palmitoylation and trafficking) in peripheral
artery disease. As depicted in Online Fig. XII, palmitoylation cycling is required for normal
R-Ras trafficking that coordinates fibronectin turnover and cell contacts. Decreased APT1
activity results in constitutively palmitoylated R-Ras with decreased membrane motility,
which alters the cytoskeleton and impairs vascular stability.

Endothelial APT1 deficiency impaired angiogenesis, disrupted fibronectin remodeling, and
produced features of vascular activation. An unbiased approach identified increased
palmitoylation of the GTPase R-Ras in APT1 deficiency. Hyperglycemia decreased APT1
enzyme activity, increased R-Ras palmitoylation, and altered R-Ras partitioning. Diabetes
models showed increased palmitoylated R-Ras, consistent with decreased APT1 activity, and
vascular accumulation of fibronectin. These results suggest that attenuated endothelial
depalmitoylation can be caused by hyperglycemia to promote vascular immaturity related to
functional deficiency of proteins like R-Ras.

APT1 deficiency and hyperglycemia caused increased palmitoylation associated with a
redistribution of R-Ras away from light fractions and toward heavy fractions that do not
contain rafts. Palmitoylation promotes the association of proteins with raft domains.*? Raft
domains are thought to be comprised of membrane lipids in constant transition between
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ordered and disordered phases, as shown in Online Fig. XII. Our results suggest that
palmitoylation cycling provides re-palmitoylated proteins with renewed access to raft
domains, driving appropriate signaling in the setting of fluctuating membrane states. When
depalmitoylation is impaired, R-Ras can be diverted to heavy fractions that may represent
submembrane compartments with slow recycling potential leading to disrupted trafficking.

Other proteins in addition to R-Ras that play signaling roles in the vascular wall are
depalmitoylated by APT1, and defective palmitoylation cycling for proteins such as the Src
family tyrosine kinase Lyn*3 likely contributes to vascular defects in APT1 deficiency. We
focused molecular studies on R-Ras because this protein appeared in the highest-scoring
statistically significant pathway in cluster analysis of palmitoylation proteomics data using
endothelial cells from APT deficient and control mice. Moreover, R-Ras is expressed at high
levels in adult endothelial cells and known to promote vessel maturity35-39 through
processes we found to be disrupted in APT1 deficiency. Decreasing the hydrophobicity of
palmitoylated R-Ras in the setting of APT1 deficiency rescued intracellular trafficking,
fibronectin processing, adherens junctions, and defective lumen formation in vitro. These
results provide proof of principle that interfering with the predicted effect of defective
palmitoylation cycling in endothelial cells, namely the inability of APT1 substrate proteins
to dissociate from the plasma membrane through depalmitoylation, restores cell physiology.

eNOS is known to be a substrate for APT144 but eNOS did not appear in our unbiased
screen and functional deficiency of eNOS is unlikely to be involved in the endothelial-
specific APT1 knockout phenotype. Adherens junctions and cortical actin are stabilized by
defects in eNOS,*® while adherens junctions and cortical actin are disrupted by defects in
palmitoylation cycling that occur with APT1 deficiency.

Abnormal metabolism of fibronectin occurred with APT1 deficiency. Endothelial a5p1
interacts with soluble dimeric fibronectin to generate insoluble multimeric forms through the
incompletely understood process of fibrillogenesis that contributes to matrix formation.14
Extracellular matrix accumulates in vascular diseases, especially those associated with
diabetes, through multiple mechanisms.#6 Our results showing that remodeling of exogenous
fibronectin is defective in APT1-deficient endothelial cells, and that mice and humans
accumulate intimal fibronectin suggest that the endothelium promotes vessel immaturity in
peripheral artery disease. These findings are consistent with recent work demonstrating that
circulating fibronectin contributes to expansion of the matrix-rich mesangium to impair
kidney function in mouse diabetes,*” and that subendothelial fibronectin promotes
inflammation. 48

Impaired fibronectin remodeling, loss of adherens junctions, and increased R-Ras
palmitoylation caused by genetic inactivation of APT1 also occur with diabetes models,
consistent with the acquisition of functional deficits in APT1. Hyperglycemia decreases
APT1 enzyme activity in association with decreased APT1 acetylation, and kinetic analysis
of mutated APT1 mimicking acetylation shows increased enzyme activity. These
observations suggest that APT1-dependent palmitoylation cycling is regulated by
acetylation, another dynamic form of lipidation known to affect non-nuclear proteins
involved in metabolism.49: 50 Phosphorylation increases APT1 activity in cancer cells,>! and
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our findings raise the possibility that another posttranslational modification, acetylation,
could be targeted pharmacologically to treat a disorder that is often intractable, peripheral
artery disease.

Compartmentalized depalmitoylation contributes to the selective subcellular retention of
proteins in neurons.52 Similar processes appear to be operative in endothelial cells, and their
disruption by abnormal systemic metabolism represents a previously unrecognized
mechanism underlying chronic vascular disease.
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NOVELTY AND SIGNIFICANCE

What Is Known?

. Peripheral artery disease is common, responds poorly to medical therapies,
and often leads to lower extremity amputation, especially in people with
diabetes.

. Lower extremity vascular disease is characterized by endothelial activation,

fibronectin deposition, and abnormal vascular remodeling.

. The spectrum of potential therapeutic targets for peripheral artery disease is
meager.

What New Information Does This Article Contribute?

. We inactivated endothelial acyl-protein thioesterase 1 (APT1), which removes
the fatty acid palmitate from proteins, in mice to generate a model of
peripheral artery disease that retains features of human peripheral artery
disease.

. Deficient APT1 disrupts vascular homeostasis in part by altering the
intracellular trafficking of the small GTPase R-Ras.

. Hyperglycemia modifies acetylation of the APT1 protein and decreases APT1
enzyme activity in endothelial cells, an effect that can be reversed by
pharmacologic inhibition of histone deacetylase (HDAC).

Circ Res. Author manuscript; available in PMC 2021 July 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wei et al.

Tie2-Cre model

o9)

Control ~ Tie2APT1KO

. Perfusion change (%) O
2

3
8

Tie2-APT1KO Control

After slirgery 4 weeks

Non-ligated Ligated
s ) - E 8%
b 20,041

*

300001

p>0.999
20000] "

Vessel area (AU)

10000

Tie2APT1KO Control

Tie2-APT1KO __ Control

! 7 *Noniigated ~ Ligated
SMA/CD11b/DAPI p=0018

O Control

0 B Tie2-APT1KO

250,  p=0.001
.

200

3
5

2
o

°
Ratio of NQGZ+ICD31+ cells

NG2+ Cells/unit area

Tie2-APT1KO _Control
Mean lumen perimeter (microns)
° 8

5

Jz K
VE-Cadherin-CreERT2 model e IS
B °
| i i H g
+ Tamoxifen - Tamoxifen 3 &
[ —— 5
Cre + - -+ - - s 5-
APT1 —2skd + I ?
Q 5
Actin [ /. < d
=
o
<
g
> After surgery 2 weeks

£ Control
BVECAPTIKO
p=002

p=0.67

*Non-ligated Ligated

£ VEC+TAM Control +TA!

SMA/CD11b/DAP P s oo -
Control 9
W VEC-APT1KO

p=0.0002

200.

5

8

8

o

@
2
8

Mean lumen perimeter (microns)
8

CD31+ Cellsimyocyte

NG2+ Cells/unit area

°
°

VEC+TAM Control +TAM -,
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(A) Western blots for APT1 in mouse aortic endothelial cells. (B) Perfusion imaging
following hindlimb ischemia, and analysis in (C) (n=10 mice for both control and Tie2-
APT1 KO). (D) X-ray angiographs, with collateral growth highlighted on the right. (E)
Vessel area (n=6 for control and n=>5 for Tie2-APT1 KO). Non-ligated (F) and ligated (G)
images (left) for SMA (red), CD11b (green), and DAPI (blue), and quantitation of lumen

perimeter (right). (H) Quantitation of CD31 normalized to myocytes and NG2 positive
microvessels in gastrocnemius muscle (n=6 for control and n=7 for Tie2-APT1 KO).
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Representative images are shown in Figure S1E. (1) Western blots for APT1 in mouse aortic
endothelial cells with or without 4-hydroxytamoxifen treatment (1 uM for 48 h). (J)
Perfusion imaging following hindlimb ischemia, and analysis in (K) (n=3 for control and
n=6 for VEC-APT1 KO). (L) X-ray angiographs, with collateral growth highlighted on the
right. Quantitation of vessel area (M) is shown (n=5 for control and n=7 for VEC-APT1
KO). Non-ligated (N) and ligated (O) images (left), and quantitation of lumen perimeter
(right). (P) Quantitation of CD31 normalized to myocytes and NG2 positive microvessels in
gastrocnemius muscle (n=5 for control and n=9 for VEC-APT1 KO). Representative images
are shown in Figure S1F. Statistical analyses performed by 2 way ANOVA (C, E, K, M), or
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by unpaired t test with Welch’s correction or Mann-Whitney test (F, G, H, N, O, P).
Scale=50 microns.
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Figure 2. Loss of APT1 impairs endothelial cell remodeling of fibronectin.
(A) Representative Western blots of DOC (deoxycholate)-soluble and DOC-insoluble

extractions of mouse aorta (left two panels), as well as the quantitation of normalized
fibronectin contents in the DOC-soluble and —insoluble fractions (right two panels) (n=8
mice for control and n=10 mice for Tie2APT1KO). (B) Representative cross-sections (left)
of thigh muscle arteries immunostained for FN (green), CD31 (red), and SMA (bluge), as
well as the quantitation (right) of FN contents in intima and media (n=6 mice for control and
n=8 mice for Tie2-APT1 KO, two weeks after surgeries). Scale=20 microns. I intima, M:
media, arrows indicate intimal fibronectin deposition. (C) Representative Western blots of
exogenous biotin-labeled fibronectin [FN(biotin)] from DOC extractions of cells during
pulse-chase. (D) Quantitation of conversion ratios of FN(biotin) (insoluble/soluble fractions)
in pulsed cells (time=0, n=4 for control and Tie2-APT1 KO cells). (E) Retained
fibronectin(biotin) contents in DOC—-insoluble fractions after 2 h chase (n=3 for control and
Tie2APT1KO cells). (F) Representative stitched confocal images of arteries from human
peripheral artery disease patients stained for fibronectin (green), SMA (yellow), and CD31
(red). Scale=1 mm. IEL: internal elastic lamina with blue autofluorescence. (G) Pearson
correlation analysis of intimal fibronectin deposition (ratios of intimal to medial FN stained
fluorescence signal) with intima-media thickness, n=11 samples from 8 patients. Data are
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presented as mean + SEM by scatter dot plot for A,B,D,E with statistical analyses performed
by unpaired t test with Welch’s correction or Mann-Whitney test.
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Figure 3. Uncoupling of integrin-fibronectin interaction in APT1 deficiency.
(A) Representative confocal images of cells traced by 9EG7 antibody (green) followed by

immunostaining for endogenous fibronectin (red). Scale=10 microns. Boxes are expanded in
(B). Arrows indicate areas of intensity profiles shown in (C), with colocalization between
two channels (fractions of fibronectin colocalized with p1 integrin) expressed by Manders
coefficients (D) (n=10 for both control and Tie2APT1KO cells). (E) Representative confocal
images of cells traced by MB1.2 antibody (green) followed by immunostaining for
endogenous fibronectin (red). Scale=10 microns. Boxes are expanded in (F). Arrows
indicates areas of intensity profiles shown in (G), with colocalization between two channels
(fractions of fibronectin colocalized with B1 integrin) expressed by Manders coefficients (H)
(n=7 for control and Tie2APT1KO cells). Data are presented as + SEM by scatter dot plot.
Statistical analyses performed by unpaired t test with Welch’s correction (D and H).
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Figure 4. APT1 deficiency affects cell adhesions.
(A) Sprouting images of primary cultured mouse endothelial cells coated on microbeads

embedded in fibrin gel. Arrows indicate migrated cells disconnected from major branches.
(B) Images of lumenized sprouts (red arrows) from HUVEC cells coated on fibrin-
embedded microbeads with quantitation of tube diameters (n=77 for SC control and n=68
for KD sprouts). (C) Confocal images of sprouts from HUVEC cells stained for fibronectin
(red) and nuclei (blue), including longitudinal projections (x-y view) and transverse sections
(y-z view, through the white lines crossing the lumens). (D) F-actin staining of primary
cultured mouse endothelial cells with quantitation of stress fiber-containing cells (n=3
independent experiments). (E) Images of spreading cells stained for 9EG7 (green), F-actin
(red), and paxillin (blue) with (F) quantitation of spreading areas and size distributions
(n=137 for control and n=146 for APT1 KO). (G) VE-cadherin staining of primary cultured
mouse endothelial cells (green for VEC and blue for DAPI) with quantitation of junctional
signals (n=9 random regions for both control and KO). (H) Confocal images of cell-cell
contacts in confluent HUVEC cells immunostained for VE-cadherin (green), F-actin (red),
and fibronectin (FN, grey). SC and KD: scrambled or APT1 knockdown. Scale=50 microns
for A-B, D, G; scale=20 microns for C,E; scale=10 microns for H. Data are presented as
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mean + SEM by scatter dot plot (D,G), or box/whisker plot (B and F). Statistical analyses
performed by unpaired t test with Welch’s correction or Mann-Whitney test (B,D,F-G).
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Figure 5. Palmitoylation proteomic identification of R-Ras as an endothelial substrate of APT1.
(A) Functional annotation analysis of candidate proteins. A cluster of focal adhesion is

highlighted in red, which consists of 7 proteins as shown in (B). (C) Western blot analysis of
palmitoylated R-Ras and Caveolin-1 by acyl-RAC assays in HUVEC cells, primary cultured
mouse endothelial cells from aorta (D), APT1 KO mouse muscle (E), and APT2 KO mouse
muscle (F). (G) Click chemistry analysis of palmitoylated R-Ras (fluorescent azide in green,
R-Ras protein in red) in cells pulsed with palmitic acid alkyne, or (H) pulse-chased for
indicated times. +APT1: APT1 overexpression. (1) GFP-R-Ras was expressed in control or
APT1 Kd HUVEC s, palmitic acid alkyne was pulsed, then GRP-R-Ras was
immunoprecipitated, labeled with biotin-azide, and detected by blotting. (J) Quantitation of
click chemistry analysis of palmitoylated R-Ras normalized to GFP-R-Ras from (). Results
in 1,J were replicated in at least 3 experiments.
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Figure 6. R-Ras palmitoylation is increased and APT1 enzyme activity is decreased in diabetes
models.

(A) GFP-R-Ras was expressed in HUVECs cultured in 5 mM or 25 mM glucose, palmitic
acid alkyne was pulsed, then GFP-R-Ras was immunoprecipitated, labeled with biotin-azide,
and detected by blotting. (B) Quantitation of click chemistry analysis of palmitoylated R-
Ras normalized to GFP-R-Ras from (A). Results in A,B were replicated in at least 3
experiments. (C) Mouse lungs were subjected to collagenase digestion. APT1 activity of
gated endothelial cells (red boxes in left panel) stained by DPP3 was detected (middle
panel), and quantified (right panel, unpaired t test). (D) Acyl-RAC palmitoylation assays of
muscle tissue from ab/m (control) and db/db mice. (E) Acyl-RAC palmitoylation assays in
HUVEC cells treated with normal (5 mM) or high glucose (25 mM) media. (F) Flow
cytometry detection of APT1 activity in HUVECs treated with normal (5 mM) or high
glucose (25 mM) media or high glucose media in the presence of 5 UM TSA (representative
signals left panel, quantitation right panel with comparisons by ANOVA). Data presented in
C and F as mean + SEM by scatter dot plot.
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Figure 7. Depalmitoylation maintains R-Ras membrane trafficking of R-Ras.
(A) Western blots of R-Ras and APT1 proteins in crude membrane fractions and

cytoplasmic fractions of HUVEC cells. (B) Western blots of R-Ras and Flot-1 proteins in
fractions from sucrose gradient ultracentrifugation of HUVECs following cell lysis by high
pH sodium bicarbonate. Light fractions (rafts) are denoted by the top 1-6 fractions. APT1
deficiency-induced redistribution of signal into non-raft fractions is indicated by a red box.
(C) Representative still TIRF images of GFP-R-Ras in live primary endothelial cells, as well
as (D-E) quantitation of turnover rates (slopes of intensity changes of adhesion-like
structures). Disassembly rates are calculated as pooled adhesions (n=331 for control and 564
for KO) from primary endothelial cells. Assembly rates are calculated as pooled adhesions
(n=110 for control and 213 for KO) from primary endothelial cells. (F) Representative still
TIRF images of GFP-R-Ras with the overlay of particle tracking results as maximal speed,
as well as quantitation of global membrane dynamics in primary cells as mean speed (G),
mean displacement (H), and mean duration (1) of tracks (n=28 for control or APT1 KO
cells). Sc and Kd: scrambled or APT1 knockdown. Scale=10 microns for C, and scale=1
micron for F. Data are presented as box/whisker plots. Statistical analyses performed by
unpaired t test with Welch’s correction or Mann-Whitney test (D-E and G-I). Please see
Online Video 1.
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Figure 8. R-Ras mutant restores trafficking and rescues APT1 deficiency.
(A) Diagrams of wild type and mutant R-Ras proteins. (B) Representative still TIRF images

of GFP-R-Ras (wild type, H, or | mutant) with overlay of particle tracking results as
maximal speed, as well as quantitation of global membrane dynamics in HUVEC cells as
mean speed (C) of the tracks (n=22 cells for SC control and n=14-23 cells for APT1 KD
groups in each mutant). (D) Representative Western blots of exogenous biotin-labeled
fibronectin during pulse-chase of cells expressing wild type, H, or | mutant R-Ras in SC
control or APT1 KD cells with (E) quantitation (n=4/condition). (F) VE-cadherin staining of
HUVECs (red for VEC and green for GFP-R-Ras), as well as (G) quantitation of junctional
signals (n=8 random regions). (H) Images of lumenized sprouts (marked by red asterisks and
arrows at low and high magnification, respectively) from HUVEC cells expressing various
R-Ras constructs coated on fibrin-embedded microbeads. (1) Quantitation of tube diameters
(n=53-80 sprouts for SC control and KD groups in each mutant). Scale=1 micron in B, 20
microns in F, and in H 50/20 microns for low/high magnification, respectively. SC and KD:
scrambled or APT1 knockdown. Data are presented as mean + SEM by box/whisker plot
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(C,I) or scatter dot plot (E,G). Statistical analyses performed by one way ANOVA with
Tukey’s multiple comparisons test. Please see Online Video 2.
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