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Proteomic profiling of concurrently 
isolated primary microvascular 
endothelial cells, pericytes, 
and vascular smooth muscle cells 
from adult mouse heart
Zhiping Cao1,2, Jessica Minnier1,3, Lijuan Liu2, Kristin L. Lyon Scott2, Ashok P. Reddy4, 
Phillip A. Wilmarth4, Larry L. David4, Anthony P. Barnes1, Marjorie R. Grafe2, Sanjiv Kaul1, 
Nabil J. Alkayed1,2 & Catherine M. Davis1,2*

The microcirculation serves crucial functions in adult heart, distinct from those carried out by 
epicardial vessels. Microvessels are governed by unique regulatory mechanisms, impairment of 
which leads to microvessel-specific pathology. There are few treatment options for patients with 
microvascular heart disease, primarily due to limited understanding of underlying pathology. High 
throughput mRNA sequencing and protein expression profiling in specific cells can improve our 
understanding of microvessel biology and disease at the molecular level. Understanding responses 
of individual microvascular cells to the same physiological or pathophysiological stimuli requires the 
ability to isolate the specific cell types that comprise the functional units of the microcirculation in the 
heart, preferably from the same heart, to ensure that different cells have been exposed to the same 
in-vivo conditions. We developed an integrated process for simultaneous isolation and culture of the 
main cell types comprising the microcirculation in adult mouse heart: endothelial cells, pericytes, and 
vascular smooth muscle cells. These cell types were characterized with isobaric labeling quantitative 
proteomics and mRNA sequencing. We defined microvascular cell proteomes, identified novel protein 
markers, and confirmed established cell-specific markers. Our results allow identification of unique 
markers and regulatory proteins that govern microvascular physiology and pathology.

Scientific studies of the pathophysiology of coronary artery disease (CAD) have led to the development of new 
therapies and to a significant decrease in CAD-related mortality. Up to 50% of patients with angina, who undergo 
elective coronary angiography are found to have non-obstructive coronary artery disease, in part due to coro-
nary microvascular disease (CMD)1. This trend coincides with a shift in cardiovascular disease presentation, 
where acute myocardial infarctions (MI) due to atherothrombotic plaque rupture are decreasing and the rates 
of hospitalizations due secondary MI and heart failure are rising. There is also a shift in cardiovascular risk fac-
tors with rising rates of obesity, glucose intolerance, and older  age2. CMD can exist alone or co-exist with CAD, 
lead to or exacerbate existing ischemic heart disease, and is associated with a significant risk of major adverse 
cardiovascular events. Unfortunately, our current understanding of CMD is limited, and there are currently no 
specific therapies to address diseases of small vessels in the heart.

Reducing cardiovascular disease-associated mortality will require better understanding of microvascular 
function and disease. Coronary microvessels perform key functions supported by unique properties and regu-
latory mechanisms. Impairment of these mechanisms can lead to CMD. The microcirculation is the site of 
most vascular resistance and the location of blood-tissue exchange, lymphatic drainage, and immune cell tissue 
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infiltration. These properties allow microvessels, which include arterioles, capillaries, and venules, to regulate 
myocardial blood flow to match metabolic demands and facilitate immune surveillance of capillary fluid and 
gas exchange.

The main cell types in microvessels (defined as < 200 µm vessels) are endothelial cells (ECs), pericytes (PCs), 
and vascular smooth muscle cells (VSMCs). Although the same cells comprise large vessels, there are significant 
phenotypic and gene expression differences between small and large vessels within the same organ. These dif-
ferences are not surprising, as they reflect the mechanical, chemical and humoral influences that different size 
vessels are exposed to. Furthermore, differences in vascular cells have also been reported among different tissues 
(e.g. heart, brain, or kidney), along the arteriovenous axis (e.g. arteries, capillaries, or veins), over time (vessels 
from young or old subjects), and with different disease states (e.g. diabetes or hypertension)3–8. This remarkable 
heterogeneity reflects the dynamic nature of blood vessels and their plasticity and adaptability to changes in 
the surrounding environment. However, this temporal heterogeneity raises a challenge when studying vascular 
cells separately, as different cells are often isolated form separate animals that have been exposed to different 
environmental influences. Furthermore, investigators often use different protocols to isolate different cells, which 
may also influence gene expression in these cells.

Advances in high-throughput analyses of mRNA, protein, and metabolites from individual cells, including 
single-cell and integrated multi-omic  approaches9,10, show promise for elucidating the complexity of the inter-
actions among different vascular cells under physiological and pathological conditions. To that end, we have 
developed a protocol for simultaneous isolation, culture, and mass spectrometry (MS)-based proteomic analysis 
of the three microvascular cell types from mouse heart. The protocol allows for analysis and co-culture of vas-
cular cells that have been exposed to the same in vivo conditions. Using this approach, we have characterized 
the proteomes of microvascular ECs, PCs and VSMCs, and have identified novel protein markers of cell type, in 
addition to confirming established cell-specific markers.

Results
We developed a workflow for simultaneous isolation and characterization of mouse heart microvascular cells. 
Figure 1 is a schematic illustration of the workflow used to isolate cells. After isolation, cells are maintained in 
culture. The phase-contrast images in Fig. 2 demonstrate the typical morphology of the different cell types: cob-
ble-stone appearance of confluent ECs, polygonal PCs, and “peak-valley” VSMC growth  pattern11 with spindle-
shaped (contractile) and round cells (synthetic/proliferative). We further confirmed cell identities using immu-
nocytochemistry with a panel of antibodies against cell-specific proteins. Figure 3 shows positive immunolabeling 
of ECs, but not PCs or VSMCs, for endothelial markers CD31 (PECAM) and vWF. There was positive labeling of 
PCs (but not ECs or VSMCs) for pericyte marker 3G5, positive labeling of VSMCs (but not ECs or PCs) for VSMC 
marker calponin, and positive immunolabeling of VSMCs and PCs (but not ECs) for mural cell markers NG2 
and α-SMA. As a negative control, we used the fibroblast marker CD90, which was absent in all three cell types.

Figure 1.  Heart EC, PC, and VSMC isolation protocol. Schematic representation of the isolation and culture 
process used to generate EC, PC, and VSMC concurrently from mouse hearts. Hearts are isolated and 4 
apical slices are taken from each heart to generate SMCs by explant.The remaining heart tissue is digested 
to generate a single cell suspension. EC cultures are generated by magnetically selecting cells with CD31-
conjugated Dynabeads, culturing until confluent and then again magnetically selecting using CD102-conjugated 
Dynabeads. PCs are isolated by culturing CD31-negative cells until confluent and then selecting using 3G5 
ganglioside-conjugated antibody.
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Having established the cell isolation protocol and confirmed cell identities by immunocytochemistry (ICC), 
we then analyzed each cell type using tandem mass tag (TMT) quantitative proteomics. Figure 4A is principal 
component analysis (PCA) visualization, showing clear separation between the three cell types, with 3 independ-
ent samples representing each cell type overlapping or located very closely to each other. Figure 4B shows levels 
of cell-specific proteins in the different cell types, further confirming cell identities and validating our cell isola-
tion protocol. Specifically, our analysis shows that levels of the endothelial marker CD31 (PECAM1) is higher 
in ECs than in other cells, the pericyte marker PDGFRβ was higher in PCs than other cells types, and α-SMA 
(ACTA2) and calponin (CNN1) were higher in VSMCs compared to the other cells. We also compiled the top 50 
most abundant proteins and transcripts, illustrate overlap and carried out Gene Ontology (GO) term analysis, 
for each cell type (Supplemental Table S1, Supplemental Figs. S1 and S2) after performing bulk RNA sequencing 
of each cell type using the same isolation and culture methods. The RNA sequencing data have been deposited 
to GEO with the series number GSE190809. [The data is available for reviewers with token gnefuwiafzwnvcz].

Overall, 4694 proteins were detected in all three cell types (Supplemental Table S2). Setting a threshold for 
differentially expressed (DE) proteins at abs(logFC) > 0.5 and hypothesis test FDR < 0.05, pairwise comparisons 
identified 2834 DE proteins between VSMCs and PCs, 2631 between PCs and ECs, and 1814 between VSMCs 
and ECs (Fig. 5A). These differences can be visualized in the volcano plots in Fig. 5B, which display statistical 
significance (− log10 p-values; y-axis) versus magnitude of change  (Log2FC). Five proteins with highest fold 
change and statistical significance are highlighted in orange and labelled in each comparison. The top DE proteins 
between ECs and PCs were: Maoa, Galk1, Itgav, Scarb2, and Pcx. The top DE proteins between VSMCs and PCs 
were: Gstm1, Acadm, Cndp2, Gpx7, and Matr3. The top DE proteins between VSMCs and ECs were: Shmt1, 
Aldh18a1, Aldh1l2, Pck2, and Rnf213.

We identified novel proteins marking each of the three cell types. Figure 6A is heatmap depiction of abun-
dant proteins in the three cell types, demonstrating clear separation of among these cells. This heatmap was 
constructed using proteins that are present in one cell type and either absent or low in other cells based on a 
cutoff level of abundance. Using this approach, we have identified 30 proteins that clearly differentiate the three 
cell types and are also highly expressed in each cell type (Fig. 6A,B, and Table 1). For PCs, the following novel 
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Figure 2.  Morphology of cultured ECs, PCs, and VSMCs. Top row: low magnification phase-contrast images 
of cells, note the typical cobble-stone appearance of the confluent EC culture. Scale bar, 100 µm. Middle row: 
sub-confluent cultures, with pericytes displaying their characteristic polygonal shape, scale bar 25 µm. Bottom 
row: high magnification images of confluent cultures; ECs form a uniform monolayer (Dynabeads still present 
on some cells), PCs maintain their polygonal shape, and VSMCs generate a culture of mixed round and spindle-
shape morphology, scale bar 25 µm.
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protein markers were identified: KCNE4, FMOD, LAP4A, LRP10, SMOC1, KSYK, CE162, SDC2, NFIP2, and 
CTR2. The following EC protein markers were found: SREC, AGRG3, LYVE1, ICAM2, KANK3, LYZ2, FGD5, 
GIMA5, MMRN2, and SHANK3. For VSMCs, the protein markers were: VAT1L, BCAT1, UPK3B, OASL2, 
OAS1A, TREX1, CKP2L, CKAP2, IFI5A, and CNN1. The boxplots in Fig. 6B compare levels of expression 
of these proteins among the three cell types. The full names, functions and genes encoding these proteins are 
summarized in Table 1 (see “Discussion” for additional information). Supplemental Fig. S3A is an alternative 

Figure 3.  Immunocytochemical validation of heart ECs, PCs, and VSMCs. (A) Immunolabeling of ECs (first 
column), PCs (middle column) and VSMCs (last column) with antibodies against typical cell markers: CD31, 
PDGFR-β, vWF, 3G5 ganglioside, NG2, SMA and calponin, all in red. Cells are counterstained with Hoechst 
33342 (blue). Cells were also immunolabeled with anti-CD90, present in fibroblasts, but not in EC, PC, or 
VSMC cultures. Scale bar, 20 µm. (B) High magnification of cell-specific markers, scale bar, 10 µm.
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heatmap based on the largest fold difference relative to other cell types, which keeps all proteins detected in cells 
even if they are present at very low levels. Supplemental Fig. S3B are boxplots comparing levels of expression of 
these proteins among the three cell types. To validate some of these novel markers identified in Fig. 6 and Sup-
plemental Fig. S3, we performed double labelling with classical cell-specific markers for cell type of interest by 
immunohistochemistry (IHC) (Fig. 7). Of the novel investigated, our IHC confirms expression of these markers 
specifically in the cell types identified by our proteomic analysis, either by co-localization (evident in yellow/ 
orange) with cell-specific marker in the case of Kank3/ CD31, Ddr2/ NG2, Ckap2/ calponin and Myl9/ calponin, 
or presence within the same cell as labelling for cell-specific marker in the case of Scarf1/ CD31, Ogn/ calponin 
and Hmgb2/ calponin, though with a different sub-cellular distribution to the classical cell-specific markers.

Figure 4.  Proteomic analysis shows three distinct cell populations. (A) PCA plot showing three distinct and 
reproducible cell populations upon global proteomic analysis of cultured ECs, PCs, and VSMCs, n = 3. (B) 
Boxplots (median, interquartile range), of proteomic analysis of cell-specific markers. Values were filtered based 
on FDR rate < 0.05 and then log fold change values compared to the other cell types, n = 3, *p < 0.05, compared to 
both other cell types (R software package edgeR).
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Discussion
We have developed a platform for isolating and culturing mouse heart primary microvascular cells, which we 
applied to define the proteomes of ECs, PCs, and VSMCs. We identified unique protein markers and a set of 
highly abundant proteins for each of the three cell types, and validated a subset by IHC of mouse heart tissue. 
These results will contribute to a better understanding of the physiological and pathophysiological mechanisms 
underlying coronary microvascular function and disease.

Recent advances in high-throughput sequencing and profiling technologies have accumulated a wealth of 
information on vascular cell  transcriptomes12,  proteomes13, and  metabolomes14,15. The concept of “vasculome” 
has been introduced to integrate the various profiles of vascular cells and tissue. Unfortunately, the integration 
and interpretation of publicly available data remain a challenge, in part due to the differences in how and when 
data was collected. International standards have been introduced to allow the free and open exchange of large-
format  data16. However, more challenging than the variability in data processing and presentation is biological 
variability. A vast literature on vascular cell isolation from various organs describes multiple protocols for the 
isolation and culture of these  cells17–21. Furthermore, gene expression in cells is highly dynamic, as it senses and 
responds to different environmental influences, changing over time and under physiological and pathophysi-
ological states. To reduce the degree of biological variability, we developed a simple, reproducible workflow to 
isolate microvascular ECs, PCs, and VSMCs from mouse heart at the same time. Our approach reduces biological 
variability for two reasons: it focuses on microvascular cells, and it allows for simultaneous isolation of all three 
cell types from the same tissue. The microcirculation has unique properties, governed by unique expression 
of genes, proteins and metabolites that are distinct from those of large vessels. Despite these differences, many 
published studies did not distinguish between these two compartments. Furthermore, by concurrently isolating 
the three cell types, our approach ensures that all three isolated cells were exposed to same in vivo conditions. 
Finally, our approach is efficient and economical, as it saves time, animals, and reagents. In addition to standard-
izing cell isolation methods, our approach greatly improves co-culture studies investigating cell–cell interactions 
in the  microcirculation22,23 by ensuring all cells used in the co-culture originated from the same tissue and were 
concurrently isolated using the same protocol.

We validated our protocol using three approaches: (1) heatmaps and PCA confirmed clear separation of pro-
teomes from the three isolated cell types, (2) we used ICC to label isolated cells for known cell-specific markers, 
and (3) we confirmed the presence of these markers in vascular cell proteomes. Our proteomic analysis shows that 
levels of the canonical endothelial protein CD31 (PECAM1) was higher in ECs than in other cells, the canoni-
cal pericyte marker PDGFRβ higher in PCs than other cells, and the canonical α-SMA (ACTA2) and calponin 
(CNN1) markers higher in VSMCs compared to other cells. There were some differences between the markers 
detected by ICC vs. proteomics. For example, ICC labels ECs for vWF, but vWF does not show up among the 
top markers in EC proteome. This is not unexpected, given the differences in sensitivity between MS and ICC. 
Furthermore, vWF expression has been reported to be heterogeneous depending on the organ being  studied24. 
On the other hand, while PDGFRβ was prominent in PC proteome, we were unable to find a good antibody to 
confirm this marker using ICC, highlighting the limitation of ICC reliance on antibody and immunolabeling 
techniques. For α-SMA, although it was clearly higher in VSMC proteome compared to other cells, ICC analysis 
showed positive labeling both in VSMCs and PCs. This is consistent with published reports showing expression 
of contractile proteins, including α-SMA, in  PCs25,26. In contrast, NG2, which is expressed in both mural cells, 
was clearly positive in ICC, but did not show up as a top marker in PC proteome. Finally, 3G5 is not a protein; it 
is a ganglioside antigen that can be detected by an  antibody27, but not MS-based proteomics.

Our study revealed novel markers for microvascular cells. Some, but not all markers have been reported to be 
expressed in vascular cells and play a role in physiological and pathophysiological processes in the microcircula-
tion. For example, of the proteins differentially expressed in PCs in our study, KCNE4 (potassium voltage-gated 
channel subfamily E regulatory subunit (4) is expressed in vascular tissue, in addition to other smooth muscle 
tissues, including the uterus and the gastrointestinal  tract28. Fibromodulin (FMOD) plays a role in angiogenesis 
during cutaneous wound  healing29. Low-density lipoprotein receptor-related proteins (especially LRP10) clears 

Figure 5.  Differential protein profiles of cultured ECs, PCs, and VSMCs. (A) VENN diagram depicting number 
of proteins unique to, and shared between, the 3 cell types. (B) Volcano plots showing differential protein 
expression between cell types, plotting statistical significance (-log10 p-values) versus magnitude of change 
 (Log2FC), n = 3.
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amyloid β (Aβ) through VSMCs and plays a role in the pathogenesis of cerebral amyloid angiopathy (CAA)30. 
Secreted modular calcium-binding protein 1 (SMOC1) also plays a role in  angiogenesis31. Syndecan-2 (SDC2) 
is expressed in the microvasculature of gliomas and regulates angiogenic processes in microvascular endothelial 

Figure 6.  Top 10 novel differentially expressed protein markers in cultured ECs, PCs, and VSMCs. (A) 
Heatmap and (B) boxplots (median, interquartile range) of top 10 most abundant differentially expressed 
markers in each cell type, n = 3. Values were filtered based on FDR rate < 0.05 and then log fold change values 
compared to the other cell types. Additionally, data was filtered based on average cell type expression, with 
proteins with normalized log2cpm > 4 in cell type of interest and < 4 in the other 2 cell types.
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 cells32. NDFIP2 is downregulated in the human umbilical vein endothelial cell line (HUVECs) under oxida-
tive stress  conditions33. Due to antibody availability, we were unable to immunohistochemically demonstrate 
expression of these proteins in heart tissue, in addition to our proteomic data, however we were able to validate 
PC-specific expression of two other novel marker identified by our proteomic data, Discoidin domain-containing 
receptor 2 (Ddr2) and Osteoglycin (Ogn), by IHC in the adult mouse heart.

Of the proteins differentially expressed in ECs, Scavenger receptor expressed by endothelial cells I (SCARF1/
SREC-I) is expressed in endothelial cells and mediates the uptake of acetylated low-density  lipoproteins34 and 
KANK3, a member of the KN motif and ankyrin repeat domain-containing protein family of adaptor proteins is 
involved in blood vessel development, although remains expressed in the  adult35,36, both of which we validated 
as specifically expressed in ECs of the adult mouse heart by IHC. The adhesion molecule intercellular adhesion 
molecule 2 (ICAM-2) is expressed at the endothelial junctions and regulates  angiogenesis37. FGD5, a Rho-family 
guanine nucleotide exchange factor, is a regulator of endothelial angiogenesis, apoptosis, and barrier function 
involved in stabilizing endothelial  junctions38,39. Multimerin-2 (MMRN2), an endothelial extracellular matrix 
protein, is angiostatic by virtue of interfering with VEGF/VEGFR2 signaling, regulation of which occurs during 
tumor angiogenesis; it is also involved in cell–cell junctional  stability40–43.

Among the proteins differentially expressed in VSMCs, a bioinformatic study identified synaptic vesicle 
membrane protein VAT-1 homolog-like (VAT1L) as being down-regulated in calcific aortic valve  disease44. Cyto-
solic branched-chain aminotransferase (BCAT1) has been identified as a genomic biomarker for cardiotoxicity 
studies; it is also down-regulated in acute myocardial infarction and experimentally heart-specific upregulation 
of BCAT1 is protective against ischemic myocardial  injury45,46. Mutations of Three-prime repair exonuclease 
1 (TREX1) are found in retinal vasculopathy with cerebral leukoencephalopathy and systemic manifestations 
(RVCL-S), a small vessel disease, and are also associated with decreased cerebrovascular  reactivity47,48. In mice, 
knock-out of TREX1 leads to inflammatory myocarditis leading to cardiomyopathy and circulatory  failure49. 
Calponin-1 (CNN1) regulates VSMC contraction in physiology; however, it is abnormally expressed in patho-
logical situations. It is in involved in the molecular changes underlying coarctation of the aorta, a serious innate 
heart disease, where it is highly expressed on the surface of the thickened  intima50. Decreased expression of 
CNN1 is observed in the heart of dilated cardiomyopathy mouse models, with improved outcomes upon rescued 
 expression51; it is also implicated in vascular calcification by VSMCs in vitro52. Of the novel proteins differen-
tially expressed in VSMCs, we show cell-specific expression of High mobility group protein b2 (Hmbg2) in the 
adult mouse heart, which is implicated in hypertrophic growth and ischemia/reperfusion  injury53–55, as well as 

Table 1.  Top 10 novel protein markers for ECs, PCs, and VSMCs.

Gene id logCPM PValue_ALL FDR_ALL

PC vs. EC VSMC vs. PC VSMC vs EC

logCPM_EC logCPM_PC
logCPM_
VSMC minFClogFC Pvalue FDR logFC Pvalue FDR logFC Pvalue FDR

PC

Q9WTW3:Kcne4 6.65 1.87E−50 5.61E−50 5.57 1.79E−27 5.92E−27 − 6.08 5.57E−31 1.72E−30 − 0.51 0.23 0.27 2.49 8.18 1.93 5.57

P50608:Fmod 7.15 6.75E−145 6.62E−144 5.11 3.80E−73 3.09E−72 − 5.93 1.22E−90 1.10E−89 − 0.82 6.03E−04 1.01E−03 3.48 8.67 2.71 5.11

Q60961:Laptm4a 6.09 8.94E−64 3.31E−63 4.72 5.80E−34 2.27E−33 − 5.33 1.51E−40 5.78E−40 − 0.61 0.07 0.09 2.84 7.59 2.10 4.72

Q7TQH7:Lrp10 4.66 4.4425745E−316 1.49066385E−314 4.28 5.45E−184 1.99E−182 − 4.26 1.95E−182 5.39E−181 0.02 0.86 0.88 1.80 6.10 1.84 4.26

Q8BLY1:Smoc1 5.06 3.23E−17 5.29E−17 4.09 3.61E−10 6.95E−10 − 4.61 5.49E−12 1.04E−11 − 0.52 0.37 0.42 2.39 6.51 1.35 4.09

P48025:Syk 4.13 5.18E−172 6.52E−171 3.89 3.50E−93 3.81E−92 − 4.29 8.02E−109 8.99E−108 − 0.40 0.02 0.03 1.64 5.55 1.25 3.89

Q6ZQ06:Cep162 5.75 2.69E−67 1.04E−66 3.87 4.71E−37 1.99E−36 − 4.30 1.13E−43 4.58E−43 − 0.43 0.11 0.14 3.29 7.16 2.77 3.87

P43407:Sdc2 3.05 1.71E−48 4.96E−48 5.16 4.52E−35 1.81E−34 − 3.86 7.35E−23 1.89E−22 1.30 2.71E−04 4.70E−04 − 0.78 4.49 0.56 3.86

Q91ZP6:Ndfip2 4.46 0.00E+00 0.00E+00 3.77 7.95E−225 4.25E−223 − 3.54 4.44E−203 1.40E−201 0.23 0.03 0.04 2.06 5.83 2.29 3.54

P18581:Slc7a2 5.85 9.61E−244 1.99E−242 4.55 2.07E−176 6.55E−175 − 3.37 1.10E−108 1.23E−107 1.19 3.77E−17 1.45E−16 2.67 7.24 3.87 3.37

EC

Q5ND28:Scarf1 4.85 3.85E−09 5.17E−09 − 5.36 3.62E−06 5.74E−06 − 0.02 0.98 0.98 − 5.39 3.36E−06 6.92E−06 6.36 0.10 0.07 5.39

Q8R0T6:Gpr97 7.12 1.31E−09 1.79E−09 − 5.05 1.02E−06 1.68E−06 0.25 0.77 0.79 − 4.80 2.60E−06 5.42E−06 8.62 2.90 3.03 4.80

Q8BHC0:Lyve1 6.58 1.46E−08 1.93E−08 − 4.69 5.10E−06 7.98E−06 0.10 0.91 0.91 − 4.59 7.37E−06 1.47E−05 8.05 3.06 2.27 4.59

P35330:Icam2 6.58 1.98E−31 4.30E−31 − 4.52 1.09E−19 2.91E−19 0.13 0.76 0.78 − 4.39 7.14E−19 2.90E−18 8.04 3.39 3.46 4.39

Q9Z1P7:Kank3 4.20 4.80E−84 2.32E−83 − 4.17 3.69E−52 2.12E−51 0.21 0.38 0.41 − 3.96 4.01E−48 3.66E−47 5.62 1.42 1.59 3.96

P08905:Lyz2 3.98 8.50E−29 1.76E−28 − 2.15 1.20E−11 2.43E−11 − 1.34 1.42E−05 2.09E−05 − 3.50 2.05E−25 1.01E−24 5.17 2.96 1.59 3.50

Q80UZ0:Fgd5 4.10 4.63E−48 1.34E−47 − 2.78 2.43E−26 7.79E−26 − 0.50 0.04 0.05 − 3.28 1.42E−34 9.30E−34 5.36 2.57 2.01 3.28

Q8BWF2:Gimap5 3.26 1.96E−27 3.95E−27 − 4.10 1.66E−20 4.54E−20 0.88 0.03 0.03 − 3.22 2.94E−14 9.99E−14 4.62 0.32 1.35 3.22

A6H6E2:Mmrn2 3.56 5.39E−60 1.87E−59 − 3.77 7.72E−42 3.64E−41 0.58 0.02 0.03 − 3.19 4.82E−32 2.93E−31 4.90 1.11 1.64 3.19

Q4ACU6:Shank3 5.09 3.34E−46 9.36E−46 − 2.53 2.37E−24 7.18E−24 − 0.60 0.01 0.01 − 3.13 9.00E−35 5.93E−34 6.31 3.76 3.13 3.13

VSMC

Q80TB8:Vat1l 6.51 2.39E−91 1.25E−90 0.28 0.34 0.37 5.35 2.62E−50 1.22E−49 5.63 3.93E−54 4.00E−53 2.26 2.68 8.03 5.35

P24288:Bcat1 5.72 3.08E−284 8.46E−283 − 0.82 3.28E−08 5.81E−08 5.06 1.20E−184 3.32E−183 4.24 8.03E−141 3.99E−139 2.94 2.10 7.18 4.24

Q80YF6:Upk3b 6.06 0.00E+00 0.00E+00 0.32 4.22E−05 6.30E−05 3.54 6.05547E−319 0.00E+00 3.86 9.88E−308 0.00E+00 3.57 3.89 7.43 3.54

Q9Z2F2:Oasl2 5.24 1.98239E−318 6.6969684E−317 0.55 6.68E−07 1.11E−06 3.31 3.00E−165 6.79E−164 3.86 3.21E−213 4.19E−211 2.74 3.29 6.60 3.31

P11928:Oas1a 5.00 1.19E−238 2.39E−237 − 0.10 0.39 0.42 3.34 4.45E−148 8.19E−147 3.24 1.38E−140 6.74E−139 3.07 2.97 6.32 3.24

Q91XB0:Trex1 3.57 6.63E−137 5.93E−136 4.06E−03 0.97 0.98 2.57 1.57E−86 1.32E−85 2.58 8.20E−87 1.66E−85 2.15 2.15 4.73 2.57

Q7TS74:Ckap2l 4.24 1.54E−126 1.21E−125 − 0.66 3.45E−06 5.47E−06 3.17 3.64E−94 3.34E−93 2.51 5.24E−63 6.64E−62 2.95 2.28 5.47 2.51

Q3V1H1:Ckap2 4.48 5.66E−174 7.34E−173 − 2.03 2.28E−41 1.06E−40 4.36 9.35E−152 1.82E−150 2.33 2.80E−53 2.81E−52 3.41 1.38 5.74 2.33

Q8CGE8:Ifi205 3.67 1.55E−80 7.13E−80 − 0.56 2.52E−04 3.61E−04 2.69 4.83E−62 2.78E−61 2.13 2.65E−41 2.05E−40 2.64 2.08 4.79 2.13

Q08091:Cnn1 4.91 8.67E−206 1.44E−204 − 0.68 1.15E−12 2.42E−12 2.74 1.16E−161 2.56E−160 2.06 2.63E−97 6.50E−96 3.96 3.28 6.02 2.06
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Cytoskeleton-associated protein 2 (Ckap2) and Myosin regulatory light peptide 9 (Myl9); the functions of which 
are not yet known in the heart.

We identified differentially expressed proteins among the different cell types, as shown in the volcano plots. 
Monoamine oxidase A (MAOA) is expressed in endothelial  cells56. Polymorphisms in the galactokinase (GALK1) 
gene is associated with peri-ventricular white mater lesion, a small vessel disease in  brain57. Integrin alpha-V 
(ITGAV), transcript is down-regulated in human atherosclerotic arterial  plaques58. Experimentally, renal expres-
sion of glutathione-S-transferase µ-type 1 (GSTM1) is reduced in hypertensive rats, with transgenic overexpres-
sion reducing hypertension in the stroke-prone spontaneously hypertensive (SHRSP)  rat59. While in humans, 
loss of one or both copies GSTM1 is associated hypertension in the elderly, as well as with kidney and heart 
 failure60,61. Cytosolic non-specific dipeptidase (CNDP2) is differentially expressed between hypertensive and 
normotensive  mice62. Disruption of Matrin-3 (MATR3) is associated with bicuspid aortic valve, aortic coarctation 
and patent ductus arteriosus in both mouse and  human63. Cytosolic serine hydroxymethyltransferase (SHMT1) 
is implicated in calcification of VSMCs in hyperphosphatemia, such as in chronic kidney  disease64. Finally, E3 
ubiquitin-protein ligase RNF213 is a susceptibility allele for intracranial atherosclerosis, mutations of which are 
also associated with Moyamoa disease characterized by stenotic changes of the internal carotid arteries, periph-
eral pulmonary stenosis and pulmonary arterial  hypertension65,66.

Our study has some limitations. Identifying cell-specific markers in the microcirculation is challenging 
because of the highly plastic nature of these cells with phenotypic switching under physiological and patho-
physiological conditions following cell isolation and culture. As the examples presented above illustrate, some 
established markers reflect high level of expression, but that does not mean that these proteins are not expressed 
in other cell types. There is also discrepancy between markers detected at the level of the mRNA or protein, as 
demonstrated by VENN comparison of top protein and transcripts expressed in each cell type, showing 15–20% 
overlap. Finally, different methods of protein detection have different sensitivities, and in the case of ICC, detec-
tion is highly dependent on the antibody used and its titer. Another limitation is related to the mixed nature 
of cells isolated in our protocol. While our isolation protocol focuses on microvessels, it does not distinguish 
between arterioles, capillaries, and venules. For example, Lyve-1 (lymphatic vessel endothelial hyaluronan recep-
tor-1) is predominantly associated with expression in the lymphatic endothelium; however, it does have a broader 

DAPI Alexa Fluor 488 Alexa Fluor 594 Merged Inset

DAPI NG2 Ddr2 Merge

DAPI NG2 Ogn Merge

DAPI CD31 Scarf 1 Merge

DAPI Calponin Hmgb2 Merge

DAPI Calponin Myl 9 Merge

VS
M

C
PC

EC

DAPI Calponin Ckap 2 Merge

DAPI CD31 Kank 3 Merge

Figure 7.  Validation of novel differentially expressed markers by immunohistochemistry of young adult mouse 
heart. IHC of 10-week-old male mouse heart, double labelling with novel differentially expressed markers 
identified by proteomic analysis of cell cultures (Figs. 6 and Supplemental Fig. S3). Novel markers (Alexa Fluor 
594) are double-labelled with classical cell-specific markers (Alexa Fluor 488): CD31 for ECs, NG2 for PCs, 
calponin-1 for VSMCs; scale bar (DAPI, Alexa Fluor 488 and 594, merged), 20 µm, scale bar (inset), 5 µm.
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distribution; it has been reported in ECs of the lung, spleen, liver and the  heart67, including the heart  valve68, 
and has been suggested to be involved in uptake and degradation of waste products, including hyaluronan, from 
the blood and  lymph67, especially during  development69. The concern related to the mixed nature of our cell 
populations can be addressed using single-cell analysis methods, such as scRNAseq or single-cell mass cytometry 
(scCyTOF), which allows separation of cells from different vascular segment.

Methods
To focus study on microvessels, the aorta and large vessels are removed from the surface of the heart before diges-
tion. ECs are purified using EC-specific antibodies (CD31 and CD102) conjugated Dynabeads, PCs are isolated 
using magnetic Dynabeads linked to pericyte-specific 3G5 surface  ganglioside70–72, and VSMCs are isolated after 
migration from heart slices incubated in the presence of VSMC-specific culture medium (Table 2). This study is 
reported in accordance with ARRIVE guidelines.

Preparation of 3G5 monoclonal antibody. Hybridoma cells, secreting 3G5 monclonal antibody, were 
purchased from ATCC (Bethesda, Maryland, #CRL-1814) and cultured according to ATCC guidelines. To pro-
duce 3G5 monoclonal antibody, the cells were cultured in serum-free DMEM for 10  days, supernatant col-
lected, and antibody was isolated and purified with IgM Purification Kit (Thermo Fisher Scientific, Waltham 
MA, #44897). The subclass of antibody was identified and titered by mouse IgM ELISA kit (Life Diagnostics, 
West Chester PA, #5015-1) based on the manufacturer’s instructions.

Preparation of 3G5-conjugated Dynabeads. Rat anti-mouse IgM Dynabeads (150 µL; Thermo Fisher 
Scientific, #11039D) were resuspended in 1 mL PBS + 0.1% bovine serum albumin (BSA) and mixed, the tube 
was placed on a magnetic separator (Dynal MPC-S) for 30  s and supernatant was removed. This step was 
repeated three times to ensure thorough washing of the beads. The beads were then resuspended in 3 × the origi-
nal volume (450 µL) PBS + 0.1% BSA and 500 µL of purified 3G5 monoclonal antibody added (stock concentra-
tion 2.96 µg/mL). The tube was allowed to incubate overnight at 4 °C on a rotator set to low-medium speed. The 
beads were then washed again 3 × with PBS + 0.1% BSA to remove any unbound antibody from the solution. 
The beads were resuspended in 3 × the original volume PBS + 0.1% BSA, stored at 4 °C and used within 2 weeks.

Preparation of CD31- and CD102-conjugated Dynabeads. Beads were prepared as above: sheep 
anti-rat IgG Dynabeads (Thermo Fisher Scientific, #11035) were conjugated to either rat anti-mouse CD31 
(PECAM-1; BD Biosciences, Franklin Lakes NJ, #553369) or rat anti-mouse CD102 (ICAM-2) antibody (BD 
Biosciences, #553326). Five microliters of antibody (stock concentrations: 0.5 mg/mL CD102, 1.0 mg/mL CD31) 
was used to 150 µL Dynabeads.

Isolation of mouse heart. For each preparation of cells, 5 10-week-old mice were used. Mice were sacri-
ficed using isoflurane and cervical dislocation. Mice were placed supine, their chests soaked with 70% ethanol. 
An incision was made in the skin, and the rib cage was opened sagittally to expose the heart. The hearts were 
dissected out and placed into a 50 mL conical tube on ice containing 10 mL PBS, where they were pooled. Stud-

Table 2.  Media composition.

Cell type Component Final concentration Vendor Catalogue number

Endothelial cells

DMEM

ThermoFisher Scientific 11,965–084 + Glucose 4.5 g/L

 + L-glutamine 4 mM

ECGS, BT-203 100 µg/mL Biomedical Technologies Inc J64516

FBS 20% Sigma-Aldrich 12103C

Gentamicin 50 µg/mL Sigma-Aldrich G1397-10ML

Heparin 100 µg/mL Sigma-Aldrich H3149-100KU

Pericytes

DMEM

Sigma-Aldrich 11,885–084
 + Glucose 1 g/L

 + l-Glutamine 4 mM

 + Sodium pyruvate 1 mM

FBS 10% Sigma-Aldrich 12103C

Gentamicin 50 µg/mL Sigma-Aldrich G1397-10ML

Vascular Smooth Muscle Cells

DMEM

ThermoFisher Scientific 11,885–084
 + Glucose 1 g/L

 + L-glutamine 4 mM

 + Sodium Pyruvate 1 mM

FBS 10% Sigma-Aldrich 12103C

Penicillin/ streptomycin 100 U/ml ThermoFisher Scientific 15,140,122
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ies were performed according to the National Institutes of Health Guidelines for the use and care of laboratory 
animals, and protocols were approved by the OHSU Institutional Animal Care and Use Committee. Male mice 
were used here, however this protocol has also been used to successfully isolate and culture EC, PC and VSMC 
from female mice. A schematic overview of the isolation of each of the cell types is shown in Fig. 1. All subse-
quent steps were carried out in a laminar flow hood to ensure sterility.

Isolation and culture of mouse heart VSMCs. The hearts were placed in a dish containing PBS, the 
aorta and large vessels were removed from the surface of the heart and discarded. The hearts were placed one-
by-one into a coronal mouse heart slicer matrix, where 4 apical slices were made from each heart. The slices were 
placed into a collagen (Sigma-Aldrich, St. Louis MO, #C5533)-coated tissue culture plate, 1 slice per well of a 
24-well plate, containing 100 µL FBS. The culture plate was placed into a cell culture incubator (37 °C; 95% air 
and 5%  CO2) for 4 h, during which time the ECs and PCs were isolated from the remaining heart tissue (below). 
After 4 h of incubation, 500 µL of VSMC culture medium (see Table 2) was added to each well. The medium was 
changed 5 days later and incubated for a further 7 days, allowing for migration of VSMCs from the apical heart 
slices onto the tissue culture plastic. The slices were carefully removed from the wells using forceps (Dumont 
#5) and discarded. Cells were enzymatically detached from wells using trypsin: EDTA (0.05%: 0.5 M), once 
cells had detached 0.2 mL DMEM + 10% FBS per well was used to inactivate the enzyme. The cell suspension 
was transferred to a 15 mL conical tube, pooled, and centrifuged at 1000 rpm for 8 min. The supernatant was 
removed, cells were re-suspended in 10 mL of SMC culture medium and plated in collagen-coated plated/ dishes 
depending on experimental design.

Isolation and culture of mouse heart ECs. The remaining heart tissue was placed in a dish containing 
PBS, the chambers were opened, and any coagulated blood was removed. The tissue was placed in a new dish 
and finely minced with a razor blade before being placed into a 50 mL tube containing 10 mL DMEM + 1 mg/
mL collagenase (CLS-2; Worthington Biochemical Corporation, Lakewood NJ, #LS004176) + 1 mg/mL DNase I. 
Half-way through, and following, 45 min of gentle agitation at 37 °C, the tissue pieces were triturated using a 6″ 
long 14-gauge metal cannula attached to a 35 mL disposable syringe. Following the final trituration, the suspen-
sion was passed through a 70 µm disposable cell strainer and collected in a 50 mL conical tube, 10 mL DMEM 
was also passed through the cell strainer to collect any remaining cells. The cell suspension was centrifuged at 
1000 rpm for 10 min at room temperature (RT). The cell pellet was resuspended in 6 mL DMEM + 60 µL CD31-
conjugated Dynabeads in a 15 mL conical tube and placed on a rotator (medium setting) for 40 min at RT. The 
tube was mounted into a magnetic separator for 1 min allowing the beads (with cells attached) to adhere to the 
sides, the supernatant containing unbound cells was collected and used for pericyte culture (see below). The tube 
was removed from the magnet, the beads were resuspended in 3 mL DMEM and again placed into the mag-
netic separator. This was repeated 2–3 times until the supernatant was clear. The beads (with bound cells) were 
then resuspended in 10 mL endothelial culture medium (see Table 2) and plated in a collagen-coated T75 flask. 
Medium was replaced twice weekly, with cells approaching confluence at 8–10 days after plating.

Once confluent, cells were enzymatically detached using trypsin–EDTA (0.05%; ThermoFisher Scientific, 
#25300054); cells were rinsed 3X with PBS and incubated at 37 °C with 3 mL trypsin–EDTA until cells detached. 
Once detached DMEM + 10% FBS was used to inactivate the enzyme to a final volume of 10 mL. Cells were 
transferred to a 15 mL conical tube and centrifuged at 1000 rpm for 10 min at RT, following which medium was 
aspirated and cells were resuspended in 5 mL DMEM. Cells were placed onto the magnet for 1 min; medium 
containing unbound cells was collected and placed into a new 15 mL conical tube, the tube with bound CD31 
beads was discarded. CD102-conjugated Dynabeads (50 µL) were added to the cells, the tube was placed on a 
rotator (medium setting) for 40 min at RT. The tube was mounted into a magnetic separator for 1 min allowing 
the beads (with cells attached) to adhere to the sides, the supernatant containing unbound cells was discarded. 
The CD102-bound cells were washed 3X as above and plated into 2 collagen-coated T75 flasks in 10 mL endothe-
lial culture medium per flask, once again medium was replaced twice weekly, with cells approaching confluence 
at 8–10 days after plating.

Isolation and culture of mouse heart PCs. The DMEM containing unbound cells collected from the 
CD31 sort of the endothelial culture (above) was plated in a collagen-coated T75 flask. The next day, once cells 
had adhered, the medium was replaced with 10 mL pericyte culture medium (see Table 2) and cells were grown 
until confluent, replacing the medium twice weekly. Once confluent, after approximately 7 days, the cells were 
rinsed × 3 with PBS and 2.5 mL DMEM containing 50 µL 3G5-conjugated Dynabeads was added. The plate was 
incubated at RT for 30 min with gentle agitation. Medium was replaced with 10 mL pericyte culture medium and 
incubated overnight. Cells were enzymatically detached using trypsin–EDTA (0.05%), as above, DMEM + 10% 
FBS was added to inactivate the enzyme and cells were centrifuged for 8 min at 1000 rpm. Supernatant was 
discarded, the cells were resuspended in 6 mL DMEM and placed into a magnetic separator for 1–2 min. The 
supernatant was removed, and the cells were twice washed with DMEM. The Dynabead-bound cells were then 
resuspended in 10 mL pericyte medium and plated in a collagen-coated T75 flask and grown until confluent 
(7–10 days), replacing medium twice weekly.

Immunocytochemistry (ICC). Cells, cultured on glass coverslips, were fixed in fresh 4% paraformaldehyde 
in PBS (0.1 M sodium phosphate buffer, 0.9% NaCl, pH 7.4) and subsequently blocked with 10% goat serum in 
PBS for 30 min, then incubated overnight at 4 °C with primary antibodies diluted in blocking buffer. The follow-
ing primary antibodies and dilutions were used: mouse anti-alpha-SMA, 1:200 (Sigma-Aldrich, #A2547); rabbit 
anti-CD31, 1:100 (abcam, Cambridge UK, #ab28364); rabbit anti-PDGFR-β 1:100 (abcam, #ab32570); rabbit 
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anti-vWF, 1:200 (Santa Cruz Biotechnology, Dallas TX, #SC-365712); rabbit anti-calponin-1 1:100 (Millipore, 
Burlington MA, #04-589); rabbit anti-NG2 chondroitin sulfate proteoglycan, 1:100 (Millipore, #AB5320); rat 
anti-CD90, 1:200 (abcam, #ab3105), and mouse anti-3G5 McAb, 1:200 (prepared as described above from hybri-
doma cells, ATCC, #CRL-1814, stock concentration 2.96 µg/mL). Cells were washed with PBS + 0.1% Tween 20 
and secondary antibody (Alexa 568-conjugated donkey anti-rabbit or IgG-Alexa 546-conjugated donkey anti-
mouse (Life Technologies, Carlsbad CA, #A10042 and #A10036)) was applied in blocking buffer for 2 h at RT. 
Cell nuclei were labeled with Hoechst 33342 (Life Technologies). The coverslips were washed and mounted using 
ProLong Gold antifade reagent (Life Technologies, # P36935). Images were acquired with a confocal microscope 
(Nikon Eclipse Tie-A1RSi).

Immunohistochemistry (IHC). Mouse myocardial left ventricular samples were fixed with fresh 4% para-
formaldehyde. Tissues were cut by cryostat into 20-µm sections. The sections were mounted on superfrost glass 
slides. After 1 h of blocking in 10% NGS, sections were double labelled with following primary antibodies (rabbit 
anti-osteoglycin, Ogn, 1:50 (Proteintech, Rosemont, IL, #12755–1-AP); rabbit anti-discoidin domain-containing 
receptor 2, Ddr2, 1:50 (Novus Biologicals, Littleton, CO, #NBP-14926); rabbit anti-Scarf 1, 1:50 (ThermoFisher, 
#PA5-67923); rabbit anti- KN motif and ankyrin repeat domain-containing protein 3, Kank3, 1:50 (Novus Bio-
logicals, #NBP2-82100); rabbit anti- cytoskeleton-associated protein 2, Ckap2, 1:50 (Mybiosource, San Diego, 
CA, #MBS2520053); rabbit anti- myosin regulatory light peptide 9, Myl9, 1:50 (Proteintech, #15354-1-AP); rab-
bit anti- high mobility group protein b2, Hmgb2, 1:50 (Proteintech, #14597-1-AP); rat anti-NG2 chondroitin 
sulfate proteoglycan, 1:50 (ThermoFisher, #MA5-24247); rat anti-CD31 (PECAM-1), 1:50 (BD Biosciences, # 
550274); mouse anti-calponin, 1:50 (Santa Cruz, #sc-70487), followed by secondary antibodies: Alexa Fluor 488 
donkey anti-mouse IgG, 1:200 (ThermoFisher, #A11029); Alexa Fluor 488 donkey anti-rat IgG, 1:200 (Ther-
moFisher, #A21208); Alexa Fluor 594 donkey anti-rabbit IgG, 1:200 (ThermoFisher, #A21207). All primary anti-
bodies were diluted 10% NGS, and incubated overnight at 4 °C. All the secondary antibodies were diluted in PBS 
and incubated at RT for 2 h. After secondary incubation, sections were placed in an autofluorescence-reduction 
solution (10 mM CuSO4, 50 mM ammonium acetate) for 30 min, stained with DAPI (10 mg/ml, LifeTech, # 
H3570). The sections were viewed on confocal microscope, and digital images were taken with Nikon Imaging 
System (Nikon Eclipse Tie-A1RSi). Negative controls included sections in which the primary antibodies were 
omitted, incubated with secondary antibodies only, or sections in which both primary and secondary antibodies 
were omitted.

Proteomics. Sample preparation for mass spectrometry. One T75 flask of cells was used per sample for 
proteomic analysis. Cells were lysed in 200 μl of 50 mM ammonium bicarbonate using a probe sonicator, centri-
fuged and protein concentration determined by BCA assay (Pierce, #23225). Thirty microgram of each sample 
was dissolved in 10 µl of 8 M urea, 1 M Tris, 8 mM  CaCl2, 0.2 M methylamine (pH 8.5) solution, samples reduced 
by addition of 1 µl of 0.2 M dithiothreitol (DTT) and incubated at 50 °C for 15 min, followed by alkylation with 
1 µl of 0.5 M idodoacetamide (IAA) and incubation at room temperate for 15 min. Excess IAA was removed by 
adding a further 2 µl of 0.2 M DTT, and proteins digested by diluting the urea concentration to 2 M and addi-
tion of 1.2 µg of sequencing garde grade trypsin (Promega). Following an overnight digestion at 37 °C, samples 
were acidified, and 20 µg of each digested sample was solid phase extracted using Oasis HLB 1 cc cartridges, 
dried by vacuum centrifugation, dissolved in 25 µl of 100 mM triethylammonium bicarbonate and labeled using 
TMT-10plex reagents (Thermo Scientific). The manufacturer-suggested protocol was used, except recommend-
ed amounts of each reagent were decreased by a factor of 4. Labeled samples were pooled and dried by vacuum 
centrifugation for mass spectrometric analysis.

Measurement of relative protein abundance by mass spectrometry. To increase numbers of quantified proteins, 
TMT labeled peptides were separated by two dimensions of reverse phase chromatography using a Dionex NCS-
3500RS UltiMate RSLCnano UPLC system for sample loading and  2nd dimension reverse phase separation, and 
a Dionex NCP-3200RS UltiMate RSLCnano UPLC system for dilution of the  1st dimension reverse phase elu-
ent. Twenty microliter samples containing 30 µg of pooled TMT-labeled digest were injected for 10 min onto a 
NanoEase 5 µm XBridge BEH130 C18 300 μm × 50 mm column (Waters) at 3 µl/min in a mobile phase contain-
ing 10 mM ammonium formate (pH 10), 2% acetonitrile (ACN). Peptides were then eluted by sequential injec-
tion of 20 µl volumes of 14, 20, 22, 24, 26, 28, 30, 40, and 90% ACN in 10 mM ammonium formate (pH 10) at 
3 µl/min flow rate. Eluted peptides were then diluted at a tee with mobile phase containing 0.1% formic acid at a 
12 µl/min flow rate. Peptides were delivered to an Acclaim PepMap 100 µm × 2 cm NanoViper C18, 5 µm trap on 
a switching valve. After 10 min of loading, the trap column was switched on-line to a PepMap RSLC C18, 2 µm, 
75 µm × 25 cm EasySpray column (Thermo Scientific). Peptides were separated at low pH in the 2nd dimension 
using a 7.5–30% ACN gradient in mobile phase containing 0.1% formic acid at a 300 nl/min flow rate. Each 2nd 
dimension LC run required 2 h for separation and re-equilibration, therefore completion of LC/MS required 
18 h. Tandem mass spectrometry data was collected using an Orbitrap Fusion Tribrid instrument configured 
with an EasySpray NanoSource (Thermo Scientific). Survey scans were performed in the Orbitrap mass analyzer 
(120,000 resolution), and data-dependent MS2 scans in the linear ion trap using collision-induced dissociation 
(NCE 35%) following isolation with the instrument’s quadrupole (2 Da isolation width). Reporter ion detec-
tion was performed in the Orbitrap mass analyzer (resolution 60,000) using MS3 scans following synchronous 
precursor isolation (top 10 ions) in the linear ion trap, and higher-energy collisional dissociation (NCE 65%) in 
the ion-routing multipole.



13

Vol.:(0123456789)

Scientific Reports |         (2022) 12:8835  | https://doi.org/10.1038/s41598-022-12749-6

www.nature.com/scientificreports/

TMT data analysis. RAW instrument files were processed using Proteome Discoverer version 1.4.1.14 (Thermo 
Scientific) using SEQUEST HT software and a Swiss-Prot canonical mouse protein database (version 2014.05, 
16,669 sequences). Searches were configured with static modifications for the TMT reagents (+ 229.163 peptide 
N-terminus and K residues) and alkylated cysteines (+ 57.021 C residues), variable oxidation of methionine 
(+ 15.995 M residues), parent ion tolerance of ± 10 ppm, fragment ion tolerance of 0.6 Da, monoisotopic masses, 
and trypsin cleavage (max 2 missed cleavages). Searches used a reversed sequence decoy strategy to control 
peptide false  discovery73 and identifications were validated by Percolator  software74. Only peptide-spectrum-
matches with q-values ≤ 0.05 were accepted, and at least 2 distinct peptides had to be matched to a protein entry 
for its identification. Search results and TMT reporter ion intensities were exported as text files and processed 
with in-house Python scripts. A median reporter ion intensity cutoff of 1500 was used to reject low quality pep-
tides, and all reporter ion intensities for unique peptides matched to each respective protein were summed to 
create total protein intensities. A minimum of 2 peptides contributing to the protein total was used to improve 
data quality. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium 
via the  PRIDE75 partner repository with the dataset identifier PXD026673.

[The PRIDE data is available for reviewers: Username: reviewer_pdx026673@ebi.ac.uk, Password: xtEEv4MQ].

Differential protein expression analysis. Differential protein abundance was determined by comparing the total 
reporter ion intensities between groups using the R software (v 3.1.1) package edgeR (version 3.21.9;76,77), which 
performed data normalization, calculation of normalized log2 counts per million (log2cpm), multiple test cor-
rection, and calculation of false discovery rates (FDR). Test results are from likelihood ratio tests comparing each 
pair of cell types to each other, as well as a global likelihood ratio test that compares all three cell types. P-values 
less than  10–350 were truncated in Volcano plots.

To detect markers unique to each cell type, data was first filtered based on the FDR < 0.05 and then the 
log2 fold change (logFC) values, i.e., if a marker of PC was sought, first proteins with FDR comparing PC to 
VSMC < 0.05 and FDR comparing PC to EC < 0.05 were identified. Of those proteins, 10 were selected with 
the largest positive minimum log fold change comparing PC to EC and PC to VSMC. This analysis therefore 
identifies proteins that have the largest fold changes comparing the cell type of interest to the other two cell 
types. Additionally, data was filtered based on average cell type expression, selecting proteins with normalized 
log2cpm > 4 in the cell type of interest and < 4 in the other two cell types. The cutoff of 4 was selected as this was 
close to the  25th percentile of log2cpm.

Clustered heatmaps of protein abundance of normalized log2cpm values were performed using Euclidean dis-
tance matrices. Principal Components Analysis (PCA) was performed on the normalized log2cpm values and the 
percent variance explained was calculated for the first two components. VENN Diagrams were calculated using 
number of differentially expressed proteins between cell type comparisons and drawn using  BioVenn78. Gene 
Ontology (GO) analysis was carried out by the Search Tool for the Retrieval of Interacting Genes (STRING)79.

RNA preparation and RNAseq analysis. RNA was extracted from confluent cultures of endothelial 
cells, pericytes and vascular smooth muscle cells (1 T75 flask/ sample) using TRIzol (Invitrogen) followed by 
RNAeasy universal mini RNA kit according to each manufacturer’s instructions. PolyA( +) RNA was next iso-
lated using oligo-dT bound to magnetic beads and the recovered RNA was chemically fragmented to about 
200–300 bp. Random hexamer priming was then used to produce double stranded cDNA and proprietary adap-
tors (Illumina) were attached to the fragments by ligation. The library is amplified by a limited number of rounds 
of polymerase chain reaction. The amplified library was cleaned using AMPure XP beads (Agencourt) and then 
run on the Bioanalyzer (Agilent) to ensure that successful library preparation. The HiSeq 2000 (Illumina) was 
used to sequence 100 cycle single reads and resulting data was converted to fastq files with CASAVA (Illumina). 
Subsequent trimming of known adapters and low-quality regions of reads was performed using Fastq-mcf and 
reads were assigned to genes using the program "featureCounts", part of the Subread R package. Reads that were 
aligned uniquely to reference sequence were used for further analyses; Tags with < 0.5 cpm in at least 2 samples 
were excluded. TMM normalization was performed with edgeR and log2cpm values were calculated.

Data availability
The datasets presented here have been deposited into online repositories. The mass spectrometry proteomics 
data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the 
dataset identifier PXD026673. The RNA sequencing data have been deposited to GEO with the series number 
GSE190809.
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