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Abstract

Atherosclerosis is the most common cause of heart disease and stroke. The use of animal models
has advanced our understanding of the molecular signaling that contributes to atherosclerosis.
Further understanding of this degenerative process in humans will require human tissue. Plaque
removed during endarterectomy procedures to relieve arterial obstructions is usually discarded, but
can be an important source of diseased cells. Resected tissue from carotid and femoral
endarterectomy procedures were compared to carotid arteries from donors with no known
cardiovascular disease. Vascular smooth muscle cells (SMC) contribute to plaque formation and
may determine susceptibility to rupture. Notch signaling is implicated in the progression of
atherosclerosis, and plays a receptor-specific regulatory role in SMC. We defined protein
localization of Notch2 and Notch3 within medial and plaque SMC using immunostaining, and
compared Notch2 and Notch3 levels in total plaques to whole normal arteries using immunoblot.
We successfully derived SMC populations from multiple endarterectomy specimens for molecular
analysis. To better define the protein signature of diseased SMC, we utilized sequential window
acquisition of all theoretical spectra (SWATH) proteomic analysis to compare normal carotid
artery SMC to endarterectomy-derived SMC. Similarities in protein profile and differentiation
markers validated the SMC identity of our explants. We identified a subset of differentially
expressed proteins that are candidates as functional markers of diseased SMC. To understand how
Notch signaling may affect diseased SMC, we performed Jagged1 stimulation of primary cultures.
In populations that displayed significant growth, Jagged1 signaling through Notch2 suppressed
proliferation; cultures with low growth potential were non-responsive to Jagged1. In addition,
Jagged1 did not promote contractile smooth muscle actin nor have a significant effect on the
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mature differentiated phenotype. Thus, SMC derived from atherosclerotic lesions show distinct
proteomic profiles, and have altered Notch signaling in response to Jagged1 as a differentiation
stimulus, compared to normal SMC.

Cardiovascular disease is the leading cause of death in western society and caused 17.3
million deaths worldwide in 2013, the great majority of which were ischemic in nature due
to narrowing of the artery from atherosclerotic plaque. In the United States, the probability
at birth that an individual will eventually die of cardiovascular disease is 47% (1). Despite
the high incidence of atherosclerosis, the complex cellular processes of plaque formation are
still incompletely understood. What is generally accepted is that damaged endothelial cells
allow lipid moieties and inflammatory cells to accumulate within the arterial wall resulting
in progressive recruitment of other vascular and inflammatory cells over many years (2, 3).

Vascular smooth muscle cells (SMC) affect plaque formation in several ways; therefore the
signaling pathways that govern their behavior during atherosclerosis are of great interest.
Hyper-proliferation of vascular SMC create thickened medial walls, SMC form fibrous
plaque caps by secreting extracellular matrix proteins and collagen, and even contribute to
the necrotic core as macrophage-like foam cells (4, 5). The signaling that causes vascular
SMC to switch from a quiescent, contractile phenotype to a highly proliferative,
extracellular matrix depositing, migratory phenotype may be a valuable therapeutic target.

A few studies show that Notch regulates neointima formation after vascular injury (6-8), a
process resulting from SMC proliferation and migration. Both Notch2 and Notch3 are
expressed in vascular SMC, and it has been shown that Notch2 mediates quiescence in
healthy human SMC (9). Notch signaling is activated by a transmembrane ligand such as
Jagged1, which induces proteolytic cleavage and translocation of the Notch intracellular
domain (NICD) to the nucleus. NICD binds to the transcriptional repressor RBP-J, causing
displacement of co-repressors and recruitment of co-activators to initiate transcription of
Notch/RBP-J downstream targets.

In atherosclerosis, Notch signaling has been implicated in inflammation, with DLL4
stimulation leading to proinflammatory gene profiles in macrophages (10, 11), and
inhibition of DLL4 /n vivo suppressing macrophage influx and atheroma progression in a
mouse model (12, 13). In addition to immune cells, the endothelium is a target of Notch
signaling during atherosclerosis. Notch1l is expressed in vascular endothelial cells (EC),
although variably in humans (14). In the mouse, a high fat diet suppressed Notch1 transcript,
and /n vitro, human endothelial cell expression of Notchl was suppressed by oxidized
phospholipids (14). There is little information about whether Notch signaling in SMC also
contributes to atheroma formation. Indeed, even Notch receptor levels in SMC in
atherosclerotic plaques has not been well studied during human disease progression. A better
understanding of the cell-type specific signaling of Notch in all cells of the vessel wall is
required to consider potential athero-protective effects of Notch blockade (15, 16). In the
present study, we evaluated human atherosclerotic lesions for SMC, EC, and inflammatory
cell patterns of Notch localization, and derived several SMC populations from
endarterectomy samples to study Notch signaling. Our findings describe a consistent pattern
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of Notch protein in SMC in advanced atherosclerotic lesions, and also suggest that Notch
signaling in sub-populations of these SMC promotes a growth-inhibitory effect.

Materials and Methods

Collection of human tissue samples —

This study was evaluated and approved by the Institutional Review Board at Maine Medical
Center. Patients scheduled for an endarterectomy procedure (JEJ and colleagues) were
consented for the anonymized use of their endarterectomy specimens in this research. We
collected both carotid artery and femoral artery endarterectomy specimens. In addition, we
utilized the National Disease Research Interchange (http://ndriresource.org/) to obtain blood
vessels from donors who did not have diagnosed cardiovascular disease. Exclusions for both
endarterectomy patients and normal artery donors included any history of chemotherapy/
radiation or sepsis.

Vascular tissue processing —

Endarterectomy samples were collected in sterile phosphate buffered saline (PBS) and stored
at 4°C prior to processing. The time from removal from patient to arrival at the lab was ~1-3
hours. Samples were divided into several pieces. One piece from the area with largest visible
plaque, as well as one region with no apparent plaque were collected and placed in 10%
formalin overnight for further processing and paraffin embedding. A second piece
containing the plaque and adjacent tissue was frozen and stored at —80°C for future
collection of protein and/or total RNA. In patients under the age of 70, a final piece of the
endarterectomy sample was placed in culture for propagation by explant culture.

Derivation of SMC populations —

Several procedures were tested for efficiency of primary explant into stable cell populations.
In some cases, endarterectomy or normal vessel tissue was washed in PBS, minced, and
digested for 5 minutes at 37°C in 0.25% trypsin/EDTA. The tissue pieces were then plated
onto tissue culture dishes coated with 0.1% gelatin in SmGM2 human smooth muscle
growth media (Lonza, medium contains 5% serum, EGF, FGF-2, insulin, and antibiotics).
Alternatively, tissue pieces were washed in PBS, cut into segments and directly plated in
SmGM2 media on 0.1% gelatin-coated plates. In both cases explanted cells were passaged
onto new plates when cells became dense and the tissue was kept on the original plate to
allow additional cells to migrate out as a separate population. Only first explant populations
were used here. Both methods were successful in yielding primary populations of SMC.
Depending on the specimen, cells were visible on the plate between 2-3 weeks after explant.
Initial studies determined that no cultures were successfully derived from patients with
advanced age, either due to lack of cell outgrowth or early senescence of explanted cells.
Thus, subsequent studies focused on endarterectomy tissue derived from patients under the
age of 70. Cell populations that were successfully established in primary culture were
cryopreserved at low passage, and cell pellets were frozen for protein lysates (immunoblot
and mass spectrometry) or used for Notch signaling assays and immunofluorescence. For
comparison, we also utilized commercially available normal human SMC derived from
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donor carotid artery (hCtASMC lot 2435, derived from a 33 year old male donor, Cell
Applications).

Immunostaining of tissue sections —

Paraffin embedding: Samples fixed overnight in 10% formalin were washed with PBS, and
washed in 70% ethanol. Calcified plaque samples were treated with 10%
ethylenediaminetetraacetic acid (EDTA) at pH = 7.0-7.4 with the solution changed every 2—
3 days until decalcification occurred. Samples were dehydrated in an automated tissue
processor, transferred to AmeriClear™ (CardinalHealth Dublin, Ohio) and then to paraffin.
Samples were embedded in paraffin for sectioning. Formalin fixed, paraffin embedded
tissues were serially sectioned at 5um and sections were rehydrated in AmeriClear™
followed by ethanol in preparation for hematoxylin/eosin, Masson’s trichrome with
Verhoeff’s elastic stain, or immunohistochemistry (IHC) staining. Slides for IHC underwent
additional processing prior to staining: 0.01M sodium citrate antigen retrieval, endogenous
peroxidase quenching with 3% hydrogen peroxide, permeabilization with 0.5% Triton
X-100, and blocking in 2% BSA and 2% goat serum. IHC sections were then incubated
overnight with primary antibodies (see below) diluted in blocking solution. Primary
antibodies were detected using SignalStain® Boost IHC Detection Reagent and
SignalStain® diaminobenzidine substrate kit (Cell Signaling Technologies -CST, Danvers,
MA) with hematoxylin counterstain. Sections were dehydrated with ethanol then
AmeriClear™ before coverslipping. IHC primary antibodies include Notchl (CST 3608,
dilution 1:400), Notch2 (CST 4530, dilution 1:400), Notch3 (Abcam ab23426, dilution
1:500), SM-MHC (Millipore MAB3570, dilution 1:250), and CD45 (Abcam ab33533,
dilution 1:200).

Jaggedl/Notch assays —

Notch activation was achieved by plating cells on dishes pre-coated with 3pug recombinant
rat Jagged1 fused to human Fc or with a human Fc control protein (R&D Systems,
Minneapolis, MN). Immobilization of control Fc or Jagged1-Fc was performed by
incubating 6 well and 24 well culture plates with 1 mL or 0.25 mL per well of 6.94 pmol/mL
Fc specific human IgG (Sigma) dissolved in PBS for 2 hours at room temperature. The
solution was then aspirated and 6 well and 24 well plates were incubated with 1 mL or 0.25
mL per well of 16.68 pmol/mL purified Fc or recombinant rat Jagged1-Fc chimera dissolved
in PBS for 72 hours at 4°C. The solution was then aspirated before plating cells for 48 hours
of activation.

Small interfering RNA knockdown —

In some experiments, small interfering RNAs or scrambled control (Qiagen Hilden,
Germany) were used to suppress Notch2 or Notch3 protein. Stocks of targeting siRNA or
non-targeting control were diluted in serum free medium to a concentration of 0.2pmol/ul. In
a separate tube, a 1:20 dilution of Lipofectamine RNAIMAX Transfection Reagent
(ThermoFisher Scientific Waltham, MA) was prepared in serum free medium. Equal
volumes of the siRNA solution and the RNAIMAX solution were mixed together at room
temperature for 10 minutes. Cells were washed twice with PBS, and fed with antibiotic-free
SmGM2 growth medium. The siRNA transfection reagent was added to the cells at a final

Lab Invest. Author manuscript; available in PMC 2019 February 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Davis-Knowlton et al. Page 5

concentration of 0.023pmol/ul of siRNA. Cells were transfected for 24h, and then plated in
the Jagged1/Notch assay in antibiotic-free SMGM2.

Cell proliferation assays —

Proliferation of explanted cells was analyzed using the Click-iT® EdU imaging kit
(Invitrogen C10337, Waltham, MA). Cells were plated on Jagged1-Fc and Fc control coated
24-well plates, allowed to incubate for 24 hours, and then treated with 10 uM 5-ethynyl-2"-
deoxyuridine (EdU) diluted in SmGMZ2 for an additional 24 hours. Cells were then fixed
using 3.7% formaldehyde and permeabilized in 0.5% Triton® X-100. Click-iT® EdU
detection was performed as well as nuclear staining with 4’,6-diamidino-2-phenylindole
(DAPI). At least 3 wells per treatment were each imaged in 7 zones on a Leica DMIRB epi-
fluorescent microscope (Wetzlar, Germany). Thresholding, watersheding, and particle
analysis was completed in ImageJ (NIH Bethesda, MD) for the DAPI channel and the EdU
channel for each image so the ratio of EdU positive cells to total cells could be calculated as
a percentage.

Proteomic analysis of endarterectomy-derived SMC populations —

hCtASMC and cells derived from carotid and femoral endarterectomy samples (Car 23,
Car31, Car45, Fem48, and Car56) were pelleted (starting material ~1x108 cells) and stored
at —80°C prior to processing. Cells were lysed and proteins extracted using the Qproteome
kit (Qiagen Hilden, Germany). On ice, 10uL protease inhibitor plus 0.04uL benzonase
nuclease was added to 1mL of lysis buffer. Lysis solution (180uL) was then added to each
tube, along with 2 magnetic beads. Samples were then homogenized at maximum speed for
60 seconds using an Autodisruptor. Tubes were centrifuged at 14,000 rpm for 10 minutes at
4°C. The supernatant was transferred into a new tube with 4 volumes (720pL) of ice cold
acetone. Tryptic digests of protein samples were performed using the ProteoExtract
digestion kit (Calbiochem Darmstadt, Germany). Tryptic peptides were then separated on an
Ultimate RSLC system 3000 (ThermoFisher/Dionex Waltham, MA) nanoscale liquid
chromatograph and infused onto a 5600 TripleTOF mass spectrometer (Sciex Framingham,
MA). Sequential window acquisition of all theoretical spectra (SWATH) was used to profile
all proteins in each sample using a data-independent acquisition method (17). A human-
specific ion library comprising 4091 proteins was constructed using ProteinPilot software
(Sciex Framingham, MA). For identification of peptides, multiple fragment ion
chromatograms were retrieved from the spectral library for each peptide of interest. These
spectra were compared with the extracted fragment ion traces for the corresponding isolation
window to identify the transitions that best identify the target peptide. SWATH analysis was
performed using PeakView software, and MarkerView software was utilized for principal
component analysis and T-test comparisons.

Immunoblot analysis —

Cell lysates were collected by scraping in cold RIPA buffer with protease inhibitors. Tissue
lysates were collected by vortexing tissue ground in liquid nitrogen in cold RIPA buffer with
protease inhibitors followed by sonication. Following quantification of protein
concentration, samples were run on 10% or 12% TGX™ FastCast™ Acrylamide gels (Bio-
Rad, Hercules, CA). Proteins were transferred to PVDF membranes, blocked using a
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solution of 5% skim milk in PBS with 0.1% tween-20 (PBS-T) and probed 48 hours with
primary antibodies diluted in the same solution. The following antibodies were used: Notch2
(CST 4530, dilution 1:2000), Notch3 (CTS 5276S, dilution 1:2000), smooth muscle-myosin
heavy chain (SM-MHC; Abcam Ab53219, dilution 1:4000), smooth muscle actin (SMA,;
Sigma A2547, dilution 1:8000), calponin (Abcam Ab46794, dilution 1:2000), cyclophilin
(Santa Cruz SC130626, dilution 1:2000), and a-tubulin (CST 21445, dilution 1:2000).
Membranes were incubated for 1 hour at room temperature with 1:5000 horseradish
peroxidase (HRP)-linked mouse or rabbit secondary antibodies (CST, Danvers, MA) diluted
in 5% skim milk in PBS-T followed by detection with Luminata™ Classico or Forte
Chemiluminescent HRP substrate (MilliporeSigma, Billerica, MA). Imaging was performed
on a ChemiDoc™ MP imaging system. Quantification was done using ImageJ (NIH
Bethesda, MD) with integrated pixel density of bands normalized to cyclophilin or a-
tubulin.

Immunofluorescence staining —

Smooth muscle actin (SMA) expression in explanted cells was analyzed by
immunofluorescence. SMA primary antibody (Sigma A2547, dilution 1:500) was diluted in
2% bovine serum albumin (BSA; EMD Chemicals, San Diego, CA) in PBS. Primary
antibodies were detected using 1:500 Alexa Fluor® 568 conjugated mouse secondary
antibody (Life Technologies A11004, Waltham, MA) and nuclei were detected with
1:10,000 4’,6-diamidino-2-phenylindole,dihydrochloride (DAPI; Life Technologies D1306)
diluted in 2% BSA in PBS. Imaging was performed on a Leica SP8 confocal microscope
(Wetzlar, Germany) or a Leica DMIRB epi-fluorescent microscope (Wetzlar, Germany).

Statistical analysis —

Immunoblot densitometry data from 3 technical replicate blots for non-Jagged stimulated
endarterectomy and normal vessel derived cells were used to calculate the relative levels of
Notch2, Notch3, SMA, SM-MHC, and calponin protein in endarterectomy cell populations
(Fig. 4B-C, Fig. 5B). When multiple normal cells populations were analyzed, the replicates
for each normal cell population were averaged and included in the model as one observation
per cell population under “NV grouped” in order to allow for comparison between the
normal cells and each endarterectomy-derived cell population. The statistical significance of
relative protein levels was calculated using one-way ANOVA followed by Dunnett’s
multiple comparisons test of each endarterectomy-derived cell population to the grouped
normal vessel-derived SMC. Immunoblot densitometry data from 3 technical replicate blots
for ground flash-frozen endarterectomy samples and normal vessels were used to calculate
the relative levels of Notch2, Notch3, SMA, SM-MHC, and calponin protein (Fig. 5D) and
statistical significance was calculated as above. Immunoblot densitometry data from 2-5
biological replicate blots for Jagged1-Fc treated endarterectomy-and normal vessel-derived
cells were normalized to Fc control data and used to calculate the relative levels of SMA and
SM-MHC protein in the endarterectomy cell populations (Fig. 6A-B). As in the previous
analysis, Fc control normalized replicates for each normal cell population were averaged and
included in the model as one observation per cell population under “NV grouped”. The
statistical significance of Jagged1-Fc mediated relative protein level was calculated using
one-way ANOVA followed by Dunnett’s multiple comparisons test of each endarterectomy-
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derived cell population to the grouped normal vessels. The statistical significance of
Jagged1-Fc treatment on proliferation for each endarterectomy and normal vessel derived
cell population (Fig. 7A) was calculated using two-way ANOVA with cell population and
Jagged1-Fc treatment as factors followed by Sidak’s multiple comparisons test of treated
versus non-treated within each cell population. In immunoblots to validate siRNA targeting
(Fig. 7B), cyclophilin normalized Notch2 and Notch3 levels from siN2 and siN3 treated
cells were normalized to NT treated cells. Four two-way ANOVASs with cell population and
SiRNA treatment as factors were performed comparing siN2 and siN3 treated to NT treated
within each cell population. Dunnett’s multiple comparisons test was used for post hoc
analysis. The degree of Jagged1-Fc mediated suppression of proliferation was calculated for
endarterectomy-and normal vessel-derived cell populations after treatment with non-
targeting, Notch?2 targeting, or Notch3 targeting siRNA (Fig. 7C). Statistical significance of
suppression was calculated using two-way ANOVA with cell population and siRNA
treatments as factors followed by Dunnett’s multiple comparisons test of Notch2 and Notch3
SiRNA to non-targeting siRNA for each cell population. This effect was further analyzed for
differences between endarterectomy and normal vessel-derived primary cultures by a mixed
ANOVA model with a fixed effect of cell population type (endarterectomy or normal vessel-
derived), a random effect of cell population nested within cell population type, and a fixed
effect of SiIRNA treatment. Results are shown as normalized means + the standard error of
the mean (SEM). Differences were considered statistically significant at P < 0.05. All
analyses were performed in GraphPad Prism 7.04 except for the mixed ANOVA model,
which was performed in SAS version 9.2.

Our study included specimens from patients undergoing carotid or femoral endarterectomy
at Maine Medical Center (Table 1). Subjects had a median age of 68 years. Endarterectomy
was performed less frequently in females than in males, but when it was performed, it was
done so at an earlier age with a median age of 62 years for females compared to a median
age of 70 years for males. Carotid endarterectomy is much more common than femoral
endarterectomy at our site, especially in females. We noted that plaque samples derived from
femoral endarterectomy procedures were more calcified than the majority of samples
derived from carotid endarterectomy procedures. Due to the relatively low number of
femoral endarterectomy patients in our study, however, we were unable to quantify
characteristics that were unique to femoral arteries versus carotid artery tissues.

To compare features of SMC from atherosclerotic lesions to healthier vessels, we obtained
carotid arteries from donors without diagnosed cardiovascular disease (Fig. 1). Although
some of these arteries had significant levels of plaque formation (not shown), we found
several with relatively low levels of intima, as defined by tissue on the luminal side of the
internal elastic lamina. Comparisons of structure between full donor arteries and surgically
resected plaques show highly enlarged intima/plaque in the endarterectomy patients.

Both Notch2 and Notch3 are known regulators of SMC phenotype, although they have not
been well characterized in human atherosclerotic lesions. Vascular tissue from
atherosclerotic plaques derived from human endarterectomy was immunostained to detect
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Notch2 and Notch3 protein. We focused on discrete regions of the vessel, including medial
SMC (Fig. 2A), intima/plaque (Fig. 2B), regions of fibrous cap (Fig. 2C), and medial/intimal
transition regions (Fig. 2D). We surveyed >50 endarterectomy samples, and utilized
additional markers to detect populations of SMC (SM-MHC) and inflammatory cells
(CD45) in adjacent sections. Qualitative data scoring of protein levels in these vascular
compartments and cell types is shown for all samples in Supplemental Table 1. We found a
consistent pattern of protein localization in human atherosclerotic lesions (Supplemental
Table 2) Notch2 was observed in SMC of the media and intima, although at lower levels in
the intima/plaque (Fig. 2A-B). Notch3 protein was abundant in medial and intimal SMC
(Fig. 2A-B), and both Notch2 and Notch3 protein localized to regions of fibrous cap (Fig.
2C). Notch3 protein localization had a distribution that was similar to SM-MHC, but more
extensive in intimal SMC regions (Fig. 2D). Since SMC contractile proteins such as SM-
MHC are known to be modulated in diseased SMC, our observations suggested that Notch3
may be a more stable marker of SMC within human atherosclerotic plaques.

By contrast, Notch1l protein was not found in medial or intimal SMC within human
atherosclerotic lesions. However, Notchl was sporadically expressed in inflammatory cells
(Fig. 3B-C), and was a strong marker of endothelial cells in vasa vasorum and lumenal
endothelial cells (Fig. 3D-E). Notch2 was also found in inflammatory cells and endothelial
cells, whereas Notch3 was only found in SMC underlying the endothelium (Fig. 3).

For Notch signaling studies, SMC populations were derived by explant culture from the
endarterectomy samples. We also derived populations from healthy vessels NV13, NV16,
and NV23 and obtained normal human carotid artery SMC (hCtASMC) from a commercial
source. By passage two or three, each cell population appeared homogenous, and several cell
populations were successfully expanded for further signaling studies (Fig. 4A). Table 2
shows donor characteristics of explanted populations. Proliferative rates and maximum
passage number varied between cell populations, likely based on patient or donor age and
health. To verify that explanted populations were SMC, we analyzed levels of Notch2,
Notch3, and smooth muscle markers through immunoblot (Fig. 4B-C). These markers were
detected in most SMC populations, with variability in steady state protein levels. The
immunoblot data are consistent with the vascular /n vivo staining within the SMC. Of note,
the endarterectomy procedure removes only a portion of the medial wall, thus no adventitial
fibroblasts are included in our samples.

To determine molecular features of the derived populations, we performed SWATH analysis
after mass spectrometric identification of proteins from cell lysates. Several endarterectomy-
derived populations were compared to normal human carotid artery SMC primary culture.
Principal component analysis indicated that cell populations from carotid or femoral
endarterectomy samples (Car 23, Car31, Car45, Fem 48 and Car56, Fig. 5A) differ from the
normal carotid artery SMC. In order to determine how closely the explanted cell populations
reflect their original tissue environment, we analyzed Notch2, Notch3, and smooth muscle
markers through immunoblot of ground flash-frozen normal vessels (NV13, NV16, NV23)
and endarterectomy samples (End31, End45, End48, and End56) as well as normal carotid
artery SMC and cells explanted from endarterectomy samples (Car31, Car45, Car56, Fig.
5B-C). When endarterectomy-derived samples were compared to normal vessel-derived
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samples, smooth muscle markers were at similar or higher levels in both tissue and explant
samples. Likewise, both Notch2 and Notch3 were detected in all SMC primary cultures. In
human lesions, Notch2 was undetectable in all tissue lysates, consistent with the faint
immunostaining detected in the plaque sections. However, Notch3 protein was present in
tissue lysates from healthy vessels and endarterectomy samples (Fig. 5D-E). Smooth muscle
markers were also detected at similar levels in healthy vessels and plaques.

As a second method to test the phenotype of the endarterectomy-derived populations from
donor lesions, we determined how similar the average proteome from five plaque-derived
populations (Car31, Car45, Fem48, Car23, Car56) was to the normal human arterial SMC
population. We obtained ~1000 proteins for comparison, out of which 855 were not
significantly different when comparing the plaque-derived populations in aggregate to the
normal carotid artery SMC. Given that the molecular profile of SMC is rich with proteins
associated with the cytoskeleton that mediate contractile function and signaling, we
identified the shared proteins that are categorized as structural molecules in the PANTHER
classification system (18). Our list of shared proteins in this category (Supplemental Table 3)
includes those that have previously been described as defining SMC (19), but also contains
unique proteins. Despite these similarities, there were also a significant number of proteins
(133) that were lower in the populations derived from endarterectomy tissue compared to
normal SMC (Supplemental Table 4), but only 22 proteins in aggregate were higher in
endarterectomy-derived populations compared to normal SMC (Supplemental Table 5).

The successful derivation of endarterectomy-derived SMC provided an opportunity to
understand the effect of Notch signaling in diseased SMC. We previously showed that Notch
signaling stimulated by Jaggedl in healthy SMC induces differentiation and the expression
of contractile markers via both Notch2 and Notch3, and suppresses proliferation via Notch2
(9). However, Notch signaling activity has not been tested in SMC from patients with
advanced cardiovascular disease. We first analyzed effects of Jagged1-Fc on SMC
contractile markers in endarterectomy-derived SMC populations (Fig. 6). As we previously
described (9, 20, 21), stimulation of healthy SMC with Jagged1-Fc increased levels of SM
actin (Fig. 6). We also tested eight endarterectomy-derived SMC populations (7 from carotid
arteries and 1 from a femoral artery). Unlike SMC from donors with no vascular disease
(hCtSMC, NV13, NV23), Jagged1-Fc did not promote the contractile phenotype in SMC-
derived from endarterectomy samples, as measured by smooth muscle actin (SM actin) and
SM-MHC levels. Immunofluorescence staining to detect SM actin confirmed our
immunoblot results (Fig. 6C). Prior to Notch activation in the healthy SMC by Jagged1-Fc,
SM actin expression was low or restricted to a small portion of the population. Upon Notch
activation, SM actin expression was visible in a larger proportion of the population for
healthy SMC, while remaining unchanged in SMC derived from diseased arteries.

We next compared proliferation of healthy SMC (hCtASMC, NV13, NV23) populations
versus endarterectomy-derived SMC populations (Fig. 7A). We previously observed that
Jagged1 suppresses proliferation in SMC derived from healthy donors via Notch2 (9).
Analysis of four populations of SMC from healthy donors (hCtASMC, NV13, NV16, and
NV23) confirmed that Jagged1-Fc stimulation suppressed proliferation. However, we found
that endarterectomy-derived SMC responses to Jagged1-Fc fell into two categories — those
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that suppressed proliferation after Jagged1-Fc stimulation (Car31, Car025, Car058, Car065,
and Car071), and those that were non-responsive (Car30, Fem48, Fem50, Car012, Fem048,
Car050, Car057, Car060, Car066, Car070). Interestingly, with the exception of Fem48, the
populations that were unresponsive to the Jaggedl quiescence signal tended to have low
levels of basal proliferation. These data suggest that Notch activation within diseased SMC
during phases of hyperproliferation may be effective to promote a quiescence signal, but that
during phases of low growth, endarterectomy-derived SMC may be refractory to Jaggedl
growth control.

In order to distinguish which SMC expressed Notch receptor is primarily responsible for
mediating proliferation in our cell populations, we knocked down Notch2 or Notch3 protein
using siRNA. We confirmed suppression of protein by immunoblot analysis of cells treated
with non-targeting (NT), Notch2 (siN2), or Notch3 (siN3) targeting siRNA, with or without
Jagged1-Fc stimulation (Fig. 7B and supplemental Fig. 1A). In the two normal and three
endarterectomy-derived populations tested, we found that compared to NT, siN2 treatment
on average reduced Notch2 levels by 89% without Jagged1-Fc stimulation and by 66% with
stimulation. We did observe a downregulation of Notch3 protein with siN2 treatment,
particularly with Jagged1-Fc stimulation. Because this was consistent using two siN2
sequences and because protein turnover is accelerated with Jagged1-Fc treatment, we predict
that this may be due to a regulatory feedback loop. For siN3 treatment compared to NT,
average reduction in Notch3 was >90% with or without Jagged1-Fc stimulation. We did not
observe downregulation of Notch2 protein with siN3 treatment. We then analyzed the
endarterectomy-derived SMC populations to determine if Notch2 or Notch3 was mediating
Jagged1-induced suppression of proliferation. We compared Jagged1 signaling when Notch
receptors were intact (NT treatment) to individual knockdown of Notch2 or Notch3 (Fig.
7C). We found that Notch2 was important for suppression of proliferation by Jaggedl in
endarterectomy-derived SMC, similar to SMC from donors without cardiovascular disease.
To confirm specificity, we tested two Notch2 siRNA sequences, and two Notch3 siRNA
sequences (Supplemental Fig. 1B). Overall, our results show that the Jagged1-Notch2
signaling axis is conserved in endarterectomy-derived SMC as a mechanism to promote
cellular quiescence, and that particular sub-populations of diseased SMC are more
responsive. In our analysis, we found a correlation of cells with higher growth potential with
Jagged1 sensitivity. However, Jaggedl was unable to consistently increase the differentiated
contractile phenotype of SMC populations from diseased vessels, suggesting alteration in
this aspect of Notch signaling in SMC during atherogenesis.

Discussion

Notch signaling has been implicated in atherosclerotic disease progression, and has primary
effects on endothelial cells, inflammatory cells, and SMC. However, Notch signaling in
SMC during atherosclerosis is not well understood. Given the accumulating evidence that
Notch signaling impacts multiple cell types in the atherogenic vascular environment, our
goal was to study human atherosclerotic plaques to 1) understand the landscape of Notch
protein localization, particularly Notch2 and Notch3, in human atherosclerotic SMC, 2) use
endarterectomy-derived SMC to gain a better understanding of how SMC derived from
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diseased vessels are molecularly distinct from normal SMC, and 3) understand how Notch
signaling regulates SMC phenotype during disease.

Our initial study of 55 human endarterectomy samples defined a relatively consistent pattern
of Notch protein within human plagques. Notch1 was almost exclusively localized to
endothelial cells, although in some samples, expression in leukocytes was noted. Endothelial
Notchl was previously shown to be suppressed by a high fat diet in the mouse, and
suppressed in human aortic endothelial cells treated with inflammatory lipids (Ox-PAPC)
(14). Our endarterectomy donors included patients with hyperlipidemia in whom levels of
endothelial Notch1l may be regulated by lipid levels. In our endarterectomy samples,
particularly strong levels of Notchl were found in the endothelium of vasa vasorum.
Jagged1/Notch1 signaling promotes leukocyte infiltration, thus promoting atherogenesis (22,
23). Notch2 and Notch3 protein were localized in endothelial cells and SMC of the media
and the plaque. It has been shown that inflammatory cytokines trigger reduced Notch4
activity and increased Notch2 activity in endothelial cells promoting apoptosis and
endothelial cell dysfunction (24). Staining to detect leukocytes (CD45) showed that Notch2
or Notch3 is occasionally localized in inflammatory cells. Expression of Notch in
inflammatory cells has been linked to reduced inflammatory response through suppression
of toll-like receptor signaling in macrophages (25) but has also been linked to pro-
inflammatory responses in macrophages as well as reduced diabetic wound healing (26, 27).
Notch3 consistently overlapped with areas of SM-MHC staining, and also had a more
widespread localization within SMC of the atherosclerotic lesion. Down regulation of
Notch3 is associated with pathological vascular remodeling (28, 29) and thus high levels of
Notch3 in certain areas of the plaque may reflect a stable lesion.

SMC explanted from endarterectomy samples can provide valuable insight into the changes
in cellular processes induced by atherosclerotic plaque. A few previous studies have
addressed differences in SMC from normal or diseased donors. Pessi et al. (30) found that
inducing inflammation in SMC from carotid endarterectomy specimens or normal human
aortic SMC resulted in differential expression of a panel of miRNAs important in vascular
cell phenotype, including inflammatory and adhesion molecules. While these observations
are intriguing, there are known differences in gene expression in endothelium derived from
different anatomical sites (31, 32), or even adjacent endothelial cells within the same vessel
(33). Since the majority of our endarterectomy samples were derived from carotid artery
plaque, our analysis included normal SMC derived from presumably disease-free carotid
arteries. Another study compared medial SMC from minimally diseased endarterectomy
samples to medial SMC from the putative plaque region of the same samples (34). This
study found that diseased media was unable to produce SMC of the mature phenotype, while
minimally diseased media displayed both mature SMC and migratory/proliferative SMC.

To further understand the molecular basis of diseased SMC, we performed SWATH
proteomic analysis, which is an effective method of generating an unbiased view of cellular
protein signatures. As more complete libraries of normal and diseased cell and tissue profiles
are developed, we will gain a better understanding of which differentially expressed
molecules are important in the disease state. Proteomic analysis of extracellular matrix
proteins by Langley et al. showed a promising avenue of distinguishing between patients
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with stable plaques and patients with vulnerable plaques (35). This study analyzed tissue
lysates from 6 carotid endarterectomy specimen from patients with acute ischemic stroke,
and 6 asymptomatic individuals undergoing elective carotid endarterectomy. Identified
biomarkers that were associated with the ischemic stroke patients including MMP9,
CH13L1, S100A8, S100A9, cathepsin B, fibronectin, and galectin-3 binding protein.
Although our experiment was very different due to the derivation of primary SMC from each
endarterectomy prior to proteomic analysis, we looked for similarities between these
biomarkers and the results of our SWATH analysis. In our SMC, we detected cathepsin B,
which was significantly decreased in all endarterectomy-derived SMC populations compared
to normal SMC (Supplemental Table 4, average of 10 fold decrease in endarterectomy-
derived SMC). Our study provides novel data using SWATH analysis to define common
features of primary cultures of carotid artery SMC (including structural proteins,
Supplemental Table 3), and identifies a subset of ~15% proteins that distinguish normal
SMC from endarterectomy-derived SMC. These analyses considered SMC populations
derived from 5 patients, and thus the changes described are consistent and robust. These data
provide a source for future studies of novel SMC proteins related to pathological phenotype.
For example, Numb was significantly decreased in SMC derived from patients with
advanced cardiovascular disease. It is an inhibitor of Notch signaling originally described in
Drosophila (36). Numb is well characterized for its role in development, but a specific role
in SMC has not been described. More recently, it has been considered for study as a
potential therapeutic for prostate cancer as a counter to dysregulated Notch signaling that
leads to hyper-proliferation of tumor cells and increased angiogenesis (37). It is interesting
to consider how down regulation of this Notch inhibitor may impact disease state.

The successful derivation of SMC from carotid endarterectomy samples also provided a
unique platform to study Notch signaling activity in SMC from diseased vessels. Although
there has been little study of the specific roles of Notch2 or Notch3 in atherosclerosis, both
proteins have major roles in regulating SMC phenotype. In our previous work using normal
primary cultures of human SMC, we found that Jagged1 promoted a SMC differentiated,
contractile phenotype. Interestingly, while signaling via both Notch2 and Notch3 promoted
contractile protein production, selective signaling via Notch2 was required for Jagged1-
mediated suppression of proliferation (9). Given the interest in targeting the Notch pathway
in cardiovascular diseases (38, 39), we addressed the impact of Jagged1-Fc stimulation on
diseased SMC. Our experiments in this area support two conclusions: first, that proliferation
of endarterectomy-derived SMC in culture is still suppressed by Jagged1/Notch2 signaling,
and second, that Jagged1-Fc does not promote the contractile phenotype of SMC from
diseased vessels, unlike its activity in normal SMC (9). Thus, the considerations for
targeting the Notch pathway in atherosclerosis are complex. Plaques with high SMC content
have traditionally been considered more stable than plaques with low SMC content, but this
conclusion is based on plagque smooth muscle content that is determined by contractile
protein levels. This might lead to the hypothesis that encouraging SMC proliferation would
be beneficial to plaque stability, but only if those SMC adopted a fully differentiated
phenotype. Recently, it has been shown that plaque destabilizing cell types, such as
macrophage (40) and chondrocytes (41), sometimes originate as SMC, but undergo a
dedifferentiation process (5). Without the ability to push SMC toward the contractile
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phenotype, treatments that would promote SMC proliferation could add both stabilizing and
destabilizing cell types to lesions.

Another consideration is that various cell types within the atherosclerotic lesion may
respond differently to Notch inhibition, depending on the type of inhibitor. For example,
general inhibitors of Notch proteolytic processing (gamma secretase inhibitor) or
transcriptional activation (dominant negative Mastermind-like 1), specific blocking
antibodies to Notch ligands or Notch proteins, and decoys (soluble ligands) (42) may have
diverse effects based on the cell types in which Notch signaling is blocked. Specific
molecular targeting of a ligand or receptor has proven effective in some cases. In mouse
atherosclerosis models, inhibition of the Notch ligand D114 with a neutralizing antibody
suppressed atherogenesis concomitant with decreased macrophage infiltration into the
plaque and decreased calcification (12, 13). These studies indicate that Notch inhibition may
be effective in treatment of atherosclerosis to control inflammation, but the effects of Notch
inhibition on plaque SMC should also be considered when evaluating effectiveness of such
treatments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characteristics of human vascular tissue from donorswithout cardiovascular disease
or with advanced atherosclerosis.

Examples show samples from three carotid artery donors with no diagnosed cardiovascular
disease (donors of normal vessels 13, 16, and 23), and samples from three donors with
advanced cardiovascular disease requiring surgical intervention (carotid endarterectomy
patients 065 and 071, and femoral endarterectomy patient 048). Tissue sections were stained
with hematoxylin/eosin (A, C, E, G, |, K) or trichrome/Verhoeff’s stain. B, D, F, show
trichome/Verhoeff’s staining at a higher magnification of the boxed regions in A, C, E.
Intima (1) widths are marked by a solid black line with the boundary between intima and
media (M) defined at the internal elastic lamina. Vessels from healthy donors show
adventitia (Ad), while endarterectomy specimens do not as that portion of the vessel is not
removed from the patient. Scale bar is 50um in B, D, and F, and 200um in the other panels.

Lab Invest. Author manuscript; available in PMC 2019 February 28.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duoasnuepy Joyiny

Davis-Knowlton et al. Page 17

Figure 2. Notch localization in diseased vessels.
Serial tissue sections from endarterectomy patients 12 (A, carotid), 41 (B, carotid), 49 (C,

femoral), and 55 (D, carotid) were immunostained to localize Notch2, Notch3, or SM-MHC
proteins. Normal IgG was used as a negative control. The lumens of vessels are to the upper
right, itima (1), media (M), and fibrous cap (FC) are marked. Images of immunostained
tissue are magnified from the boxes in H&E images on left side of figure. Scale bar for
immunostained images is 100um in panels A, B, C and 200um in panel D.

Lab Invest. Author manuscript; available in PMC 2019 February 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Davis-Knowlton et al.

non-immune IgG CD45 Notch1
A = o
M~ -t - 9 . -
™ - -k & -Df
g - e s #F
w d <
e ‘
- - - - —
B - . g - .. ~
o P B | - - " =
™ & e -
0 8 v Sl
E "t D) ® 3
. { X /5 3 \
c o l“ ‘I -;'; \-" ' g
L\ e % Pt
% ‘!" v “f \ \ ¢ \ !
% ¢ ‘ : W _'
w *I’ & .‘:\ I;"A“tl\l
L 5ikm & ' ’
3 N s
non-immune IgG Notch1 Notch2
D A
8 — LA —" ———— e B
% -
w
&
E 4 ’*’ :‘\..\
E ¥ i - B b e N »
Q ~- . - - /’/ 5 - ‘:‘{
E L/ /.7' > - -
f . - < "-u '5'
7 4 (F iy ¥

Figure 3. Localization patterns of Notch in inflammatory and endothelial cells.

-
3 1-"\}
. "' ’J‘.
5—_—' ~
1 “1
LR
o
AW
¥ 1 3 N
Notch3
'ﬂ*t‘b--

Serial tissue sections from carotid endarterectomy patients 37 (A), 39 (B), 56 (C&D), and 54
(E) were immunostained to localize CD45, Notch1, Notch2, or Notch3. Notch2 frequently
co-localized with CD45 positive inflammatory cells (black arrowheads). Notch1 and Notch2
often co-localized with endothelial cells (red arrowheads). Notch3 was localized to SMC
underlying endothelium (black arrowhead in rightmost image for panel D and SMC in vasa
vasorum in rightmost image for panel E). Normal IgG was used as a negative control. Scale

bar is 25um in panel D and 50um in all others.
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Figure 4. Characteristics of SMC derived from endarterectomy specimens.
A) Phase micrographs showing the morphology of primary cultures successfully derived

from a donor with normal vasculature (NV23) versus five endarterectomy-derived cultures.
Scale bar = 250um. B) Explanted cell populations were interrogated by immunoblot for the
proteins indicated. C) Whole cell lysates were analyzed by SDS-PAGE and immunoblotted
for the indicated proteins with densitometry quantification. Cyclophilin normalized protein
levels in endarterectomy-derived cell populations were normalized to the average level in the
grouped normal vessels (NV grouped) and one-way ANOVA were performed comparing
endarterectomy lines to NV grouped. Significant results of Dunnett’s multiple comparisons
test are indicated by asterisks: * p < 0.05, *** p <0.001, and **** p < 0.0001. Whiskers
indicate SEM.
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Figure 5. Proteomic and targeted protein analysisin SMC derived from endarterectomy

specimens.

A) SWATH analysis was performed on normal human carotid artery SMC versus the
endarterectomy-derived populations and principal component analysis performed. B)
SWATH analyzed cell populations were further interrogated by immunoblot for the proteins
indicated. C) a-Tubulin normalized protein levels in endarterectomy-derived cell
populations were normalized to hCtASMC and one-way ANOVA were performed
comparing endarterectomy lines to hCtASMC. Significant results of Dunnett’s multiple
comparisons test are indicated by asterisks: * p < 0.05, ** p <0.01, and **** p < 0.0001.
Whiskers indicate SEM. D) Tissues associated with SWATH analyzed cell populations were
further interrogated by immunoblot for the proteins indicated. E) a-tubulin normalized
protein levels in endarterectomy samples were normalized to the average level in the
grouped normal vessels (NV grouped) and one-way ANOVA were performed comparing
endarterectomy lines to NV grouped. Significant results of Dunnett’s multiple comparisons
test are indicated by asterisks: * p < 0.05 and *** p < 0.001. Whiskers indicate SEM.
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Figure 6. Jagged1 does not regulate contractile markersin endarterectomy-derived SMC.
A) immunoblot showing cell populations that were treated with Fc control (=) or Jaggedl1-Fc

(+). B) Cyclophilin normalized SM-MHC and SM actin levels from Jagged1-Fc stimulated
groups in panel A were normalized to Fc control groups and one-way ANOVA were
performed comparing endarterectomy lines to NV grouped. Significant results of Dunnett’s
multiple comparisons test are indicated by asterisks: * p <0.05, ** p < 0.01, and *** p <
0.001. Whiskers indicate SEM. C) Immunofluorescence staining of cells for SMA in the
presence or absence of Jaggedl stimulation. Scale bar = 50um.
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Figure 7. Effects of Jagged1 on SMC proliferation.
A) Cells were treated with Fc control or Jagged1-Fc, and after 24h, labeled with EdU for an
additional 24h. EdU positive cells were quantified as a percentage of total cells for a given
field and a two-way ANOVA was performed with cell population and Jagged1-Fc treatment
as factors. Significant results of Sidak’s multiple comparisons test of treated versus non-
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treated within each cell population are indicated by asterisks: *** p < 0.001 and **** p <
0.0001. Whiskers indicate SEM. B) Immunoblot demonstrating efficiency/specificity of
Notch knockdown in cell populations that were transfected with a control non-targeting
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SiRNA (NT), or siRNA to target Notch2 (SiN2) or Notch3 (SiN3) and densitometry
quantification graphs. Cyclophilin normalized Notch2 and Notch3 levels from SiN2 and
SiN3 treated cells were normalized to NT treated cells and two-way ANOVA with cell
population and siRNA treatment as factors were performed comparing SiN2 and SiN3
treated to NT treated within each cell population. Significant results of Dunnett’s multiple
comparisons test are indicated by asterisks: * p < 0.05, ** p < 0.01, *** p < 0.001 and ****
p < 0.0001. Whiskers indicate SEM..C) Cell populations with siRNA-mediated suppression
of Notch2 or Notch3 were used to identify the receptor required for the growth suppressive
effect of Jagged1. Percent suppression of proliferation by Jagged1-Fc treatment was
calculated and a two-way ANOVA with cell population and siRNA treatments as factors was
performed comparing siN2 and siN3 treated to NT treated within each cell population.
Significant results of Dunnett’s multiple comparisons test are indicated by asterisks: * p <
0.05 and ** p < 0.01. Whiskers indicate SEM. A mixed ANOVA model with a fixed effect of
cell population (endarterectomy or normal vessel-derived), a random effect of cell
population nested within cell population type, and a fixed effect of SIRNA treatment was
also performed and no difference was found between normal vessel and endarterectomy
derived cells lines in their need for Notch2 to suppress proliferation.
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Table 1.
Demographicsfor Endarterectomy Patients

Gender
male 58%
female 42%
Median Age
total 68 years
male 70 years
female 62 years

Plaque location (carotid/femoral)

total 82%, 18%
male 78%, 22%
female 91%, 9%
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Table 2.

Patient and Donor Characteristics of Explanted Samples

SampleID Gender Age(years) Tissuelocation
NV13 male 50 carotid
NV16 female 28 carotid
NV23 male 1 month carotid
Car31 male 59 carotid
Car45 female 66 carotid
Fem48 male 64 femoral
Fem50 female 60 femoral
Car56 female 60 carotid
Car012 male 69 carotid
Car025 female 57 carotid
Fem048 male 68 femoral
Car050 male 70 carotid
Car057 male 56 carotid
Car058 female 60 carotid
Car060 female 54 carotid
Car065 male 68 carotid
Car066 male 56 carotid
Car070 female 62 carotid
Car071 male 63 carotid
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