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VISUAL ABSTRACT
HIGHLIGHTS
 Endothelial cells can be harvested
directly from humans, rapidly sorted and
subjected to RNA-sequencing to study
global gene expression.
 In endothelial cells isolated from patients
with type 2 diabetes mellitus, pathways
involved in TGF-b and Cyclin-D1 signaling
were positively enriched while androgen
signaling and oxidative phosphorylation
were negatively enriched compared to
healthy individuals.
 Patient-derived endothelial cells can be
used to discover and validate diseaseassociated pathways.
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ABBREVIATIONS

SUMMARY

AND ACRONYMS
BSA = bovine serum albumin

In this study low-input RNA-sequencing was used to annotate the molecular identity of endothelial cells

ddCt = delta-delta cycle

isolated and immunopuriﬁed with CD144 microbeads. Using this technique, comparative gene expression

threshold

proﬁling from healthy subjects and patients with type 2 diabetes mellitus identiﬁed both known and novel

EC = endothelial cell

pathways linked with EC dysfunction. Modeling of diabetes by treating cultured ECs with high glucose

EDTA = ethylenediamine

identiﬁed shared changes in gene expression in diabetic cells. Overall, the data demonstrate how puriﬁed ECs

tetra-acetic acid

from patients can be used to generate new hypotheses about mechanisms of human vascular disease.

FACS = ﬂuorescence activated

(J Am Coll Cardiol Basic Trans Science 2019;4:567–74) © 2019 The Authors. Published by Elsevier on behalf of

cell sorting

the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

FDR = false discovery rate

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

GSEA = gene set enrichment
analysis

HUVEC = human umbilical vein
endothelial cell

IV = intravenous
PBS = phosphate buffered

T

he vascular endothelium—a single-

treatments. Accordingly, complementary methods

cell thick layer situated at the inter-

for studying EC biology more directly in humans are

face of ﬂowing blood and the vessel

needed.

wall—plays a central role in cardiovascular

Multiple groups have reported using wire biopsy of

homeostasis by regulating blood pressure,

ECs from peripheral vein or artery to study the ac-

polymerase chain reaction

thrombosis, leukocyte trafﬁcking, and meta-

tivity of speciﬁc signaling pathways implicated in EC

Seq = sequencing

bolism (1). The ability to culture endothelial

dysfunction (3–5). These targeted approaches identify

T2DM = type 2 diabetes

cells (ECs), including human umbilical vein

ECs on the basis of staining for known EC markers.

mellitus

ECs

revolutionized

Other blood cells, especially leukocytes, contaminate

TGFb = transforming growth

vascular biology by providing a renewable

these preparations, thereby complicating analysis

factor beta

source of cells to study human EC structure

using conventional microscopy. To overcome these

VEGF = vascular endothelial

and function. These model systems have

issues, ﬂuorescence-activated cell sorting (FACS) (6)

generated key insights into EC biology

or magnetic microbeads (7) have been used to

involved in the pathophysiology of cardio-

enrich for ECs during the procedure. However, FACS

vascular disease. However, the culture of

is time intensive and can damage fragile cells. In

ECs outside the context of the blood vessel

addition, the molecular identity of cells retrieved

alters function and cell differentiation in funda-

during biopsy and puriﬁcation has not been deter-

mental ways. For example, the nonphysiological

mined using unbiased analysis. These issues raise

static

affects

questions about the utility of the EC biopsy technique

biochemical signaling and gene expression in ECs

in discovery-based investigation of vascular disease

(2). Thus, acquiring ECs directly from patient vessels

in humans.

saline

qPCR = quantitative

growth factor

VUMC = Vanderbilt University
Medical Center

WBC = white blood cell

(HUVECs),

microenvironment

in

of

vitro

cell

culture

may facilitate the discovery of new mechanisms of

In this study, we used a positive selection step with

EC dysfunction that arise from genetic mutations,

anti-CD144 microbeads to enrich for ECs rapidly and

chronic disease states, or drug toxicities, all of which

deplete non-ECs (i.e., circulating leukocytes). We then

are known to modulate vascular disease risk in vivo in

annotated the molecular identity of both selected and

humans. In addition, the inability to study patient-

nonselected fractions of cells using unbiased, low-

speciﬁc effects of drugs on EC signaling and gene

input RNA sequencing. Differential gene expression

regulation in vivo remains a signiﬁcant obstacle for

identiﬁed 2,549 up-regulated transcripts in the CD144-

successful translation of potential vascular disease

selected cell fraction. Gene ontology analysis of these
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transcripts revealed highly signiﬁcant enrichment for

CELL FIXATION AND STAINING. Cells were ﬁxed

pathways related to EC development and function.

and stained as previously described (5). Cells were

Furthermore, expression of classic EC markers clus-

plated

tered perfectly with selected cells, whereas leukocyte

Slides were centrifuged at 400 revolutions/min for

markers clustered in nonselected cells. We then used

5 s with no break, then rotated 180 for a second

this approach to uncover novel gene expression

spin. Buffer was aspirated, and cells were stained

pathways that are differentially regulated in ECs from

with 4% paraformaldehyde for 10 min at room

patients with type 2 diabetes mellitus (T2DM)

temperature. After second wash, slides were air

compared with healthy control patients. Comparison

dried then frozen at 80  C. For staining, slides

of genes induced by high glucose in HUVEC, a model of

were rehydrated with PBS/glycine 50 mM then

diabetic hyperglycemia, revealed a partial, but statis-

incubated with anti-Von Willebrand factor antibody

tically signiﬁcant overlap with genes identiﬁed in

(Dako, Clone F8/86, Carpinteria, California) at 1:300

T2DM ECs. Collectively, these results demonstrate

for 1 h at 37  C followed by secondary goat anti-

that immunopuriﬁcation of cells isolated with wire

mouse antibody conjugated to Alexa Fluor 488

on

poly-L-lysine-coated

chamber

slides.

biopsy strongly enriches for ECs, and comparative

dye (Invitrogen, Thermo Fisher Scientiﬁc, Waltham,

transcriptomic analysis can be used in conjunction

Massachusetts) at 1:800 for 45 min at 37 C. Cells

with established EC culture models to discover clini-

were mounted with ProLong Gold Antifade with

cally relevant disease-related pathways for future

DAPI (Invitrogen) and imaged with an immunoﬂu-

investigation.

orescence microscope (OIympus IX81, Olympus,
Shinjuku, Tokyo, Japan).

METHODS

RNA ISOLATION AND SEQUENCING. For RNA isola-

tion, isolated cells were quickly pelleted by centrifuEC HARVEST AND ENRICHMENT. The protocol was

gation and immediately placed in RNA lysis buffer per

approved by the Vanderbilt University Medical

protocol (Qiagen, RNeasy Plus Micro, Venlo, the

Center Human Research Committee, and all subjects

Netherlands). Isolated RNA was quantiﬁed and

provided written informed consent. A total of 5

sequencing

healthy subjects (n ¼ 3 men, 2 women, self-

mRNA sequencing DNA preparation kit per company

libraries

generated

using

low-input,

identiﬁed Caucasian ¼ 4; self-identiﬁed African

protocol (Illumina, San Diego, California). Paired End-

American ¼ 1, average hemoglobin A1C ¼ 5.1  0.3)

75

and 5 patients with diabetes (n ¼ 4 men, 1 woman;

HiSeq3000. Reads were trimmed to remove adapter

self-identiﬁed Caucasian ¼ 5, average hemoglobin

sequences using Cutadapt v1.16 (8) and aligned to the

A1C ¼ 8.2  1.2) were recruited. A 20-gauge intra-

GENCODE GRCm38.p5/human b37 genome using

sequencing

was

performed

on

an

Illumina

venous (IV) catheter was inserted into a patient’s

STAR v2.5.3a (9). GENCODE vM12/Ensembl v75 gene

cubital vein under sterile conditions. ECs were

annotations were provided to STAR to improve the

gently scraped from the intimal surface of the cubi-

accuracy of mapping. Quality control on both raw

tal vein with a J-wire (Arrow International, Reading,

reads and adaptor-trimmed reads was performed us-

Pennsylvania). The wire and cells were centrifuged

ing FastQC. FeatureCounts v1.15.2 (10) was used to

(400 x g for 7 min at room temperature with no

count the number of mapped reads to each gene.

brake) in dissociation buffer (phosphate-buffered

Differentially expressed, protein-coding genes were

saline [PBS], 2 mM ethylenediamine tetra-acetic acid

detected by DESeq2 (v1.18.1) (11). Heatmap3 was used

[EDTA], heparin 0.1 mg/ml, pH 7.4). After centrifu-

for cluster analysis and visualization (12). Genome

gation, dissociation buffer was aspirated ,and cells

ontology analysis was performed on differentially

were resuspended in 80 m l of labeling buffer (PBS

expressed genes using the ToppGene suite. Gene set

supplemented with 0.5% bovine serum albumin

enrichment analysis (GSEA) was performed using the

[BSA], 2mM EDTA, pH 7.2) along with 20 ml of CD144

GSEA package (13). The gene set for the EC-restricted

microbeads (Cat# 130-097-857 Miltenyi Biotec, Bir-

gene list (n ¼ 151) was obtained from a previously

gisch Gladbach, Germany). Cells were incubated for

published curated dataset (14).

15 min at 4  C. After incubation, cells were sorted

EC CULTURE. Pooled HUVEC were purchased from

through a magnetic column in a magnetic ﬁeld

Lonza

(QuadraMACS, Miltenyi). Cells were washed 3 times

maintained in growth media (ATCC VEGF bullet kit)

with labeling buffer. Labeled ECs were recovered by

on 0.1% gelatin-coated plates. Cells for gene expres-

gravity ﬂow with 4 ml of cold labeling buffer after

sion were used at passage 3 or less. For glucose

removing the column from the magnet.

stimulation,

(Lonza

Inc,

media

Walkersville,

was

Maryland)

supplemented

and

with
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F I G U R E 1 Ex Vivo CD144-Selection Enriches Vascular ECs in Patient-Derived Samples
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(A) Schematic of endothelial cell (EC) isolation procedure, selection of ECs using anti-CD144 magnetic microbeads and photomicrographs of
immunoﬂuorescence for von Willebrand factor (VWF) (green) in CD144 selected ECs and ﬂow through cells (FT ¼ nonselected). Nuclei were
counterstained with DAPI (blue). Results shown at 40x magniﬁcation. (B) Volcano plot showing Log2 fold change (Log2FC) expression vs.
log10 (p value) of differentially expressed genes in CD144-selected cells vs. FT. For signiﬁcance cutoff, false discovery rate (FDR) adjusted
p value <0.05 and 2-fold change was used. (C) Gene set enrichment plot showing positive enrichment of genes expressed in CD144selected cells in a curated EC gene set. (D) Table showing results of gene ontology analysis (ToppGene suite) of differentially expressed
genes from CD144-selected cells vs. FT cells. Bonferroni adjusted p value is shown. All statistically signiﬁcantly upregulated genes in CD144
selected cells vs. FT cells from Figure 1B were included in the analysis using a cutoff of 2-fold; FDR <0.05. GO: Biological Processes are
listed. (E) Heat map showing expression data of speciﬁc EC-restricted and leukocyte-restricted marker genes in EC and FT samples. Samples
were clustered using Pearson correlation. For each EC and FT patient-derived sample, pairwise analysis was performed. Numbers below the
heat map indicate paired samples.

additional glucose to a ﬁnal concentration of 25 mM.

hemocytometer, and 1,000 cells were used for RNA

Cells were treated for 24 h with high glucose (25 mM)

sequencing to mimic the low cell counts from the

vs. standard glucose (5 mM). After treatment, cells

human EC harvests. Separate kinetic experiments

were

compared high glucose and mannitol with a ﬁnal

washed,

trypsinized,

counted

on

a
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F I G U R E 2 Comparative Transcriptomics Identiﬁes Changes in Pathways of Proliferation, Metabolism, and Androgen Signaling in ECs

From Patients With T2DM

A
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−10
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TGFβ Signaling

Down in T2DM (96)

4
p < 0.001
2

0

−2

Glucoseinduced

No
(HUVEC genes)
change

(A) Volcano plot showing Log2 fold change (Log2FC) in expression of protein coding genes vs. log10 (p value) in T2DM (endothelial cells) ECs
compared with EC-Con (Same RNA-seq data from Figure 1). False discovery rate (FDR adjusted p value cutoff <0.05. (B) Gene set enrichment
plots in T2DM ECs vs. EC-Con. Genes were ranked using the “stat” parameter generated in the DESeq2 pipeline. For each plot, FDR is included.
(C) Venn diagram showing overlap in genes induced in T2DM-ECs (green) and HUVEC treated with 25 mM glucose for 24 h (red). (D) List of
shared genes from panel C. (E) Boxplot showing median Log2FC (T2DM ECs vs. EC-Con) of all HUVEC genes induced by high glucose (2-fold,
FDR <0.05) or HUVEC genes that did not change with glucose stimulation. For E, p value was determined by Wilcoxon rank sum test.

concentration of 25 mM (n ¼ 4). For the mannitol

DESeq2 using false discovery rate (FDR)-adjusted

experiment, RNA was extracted by column puriﬁca-

p value <0.05 and absolute fold change >2.0 as the

tion after 6-h, 24-h, or 36-h treatment, then 100 ng

threshold for statistical signiﬁcance (v1.18.1) (11). All

was reverse transcribed (iScript, BioRad, Philadel-

the differential expression data are presented as

phia, Pennsylvania), and real time-qPCR was per-

volcano plots (Figures 1B and 2A). For GSEA, each in-

formed using standard protocol (2-step ampliﬁcation,

dividual gene set was tested against the entire

Bio-Rad CFX96 cycler). All qPCR data are normalized

experimental gene list, using the “stat” result gener-

to internal control gene 36B4. Primers available

ated by the DESeq2 analysis. The enrichment plots for

upon request.

GSEA and the FDR adjusted p values were generated
using the GSEA package, as described in the original

STATISTICS. For RNA-sequencing data, differentially

publication, without modiﬁcation (Figures 1C and 2B)

expressed protein-coding genes were identiﬁed with

(13). For gene ontology analysis, we used the
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Bonferroni method to adjust for multiple hypothesis

EC fraction in an orthogonal manner, we evaluated

testing because it was the most stringent method in

the gene ontology of differentially up-regulated

the ToppGene Suite (Figure 1D). To generate the

genes in CD144-selected cells. Pathways related to

heatmap comparing EC and FT samples, the gene-

the cardiovascular system, blood vessel develop-

expression data were transformed using variance-

ment, angiogenesis, and cellular adhesion were

stabilizing transformation in DESeq2 (Figure 1E).

strongly

Samples were then clustered by Pearson correlation

enrichment for ECs and depletion of white blood cells

using the speciﬁed leukocyte and EC genes. In HUVEC

(WBCs) in these cell fractions (Figure 1D). Finally, we

over-represented,

revealing

excellent

stimulated with mannitol or glucose, the heatmap

extracted expression data for well-known EC-speciﬁc

displays row normalized mean fold change compared

and WBC-speciﬁc genes and detected a clear clus-

with Time 0 (Supplemental Figure 1). Mean fold

tering of gene expression by cell fraction (Figure 1E).

change from real-time qPCR data was calculated us-

Overall, these unbiased data demonstrate that CD144

ing the delta-delta cycle threshold (ddCt) method. We

selection of extracted cells enriches for ECs, as

used 2-way analysis of variance (ANOVA) with Dun-

deﬁned by global gene-expression patterns and

nett’s multiple comparisons test to determine signif-

known markers of EC identity.

icant changes in expression in mannitol- or glucose-

We next exploited this EC-enrichment method to

treated HUVEC vs. Time 0 cells. The threshold for

examine how T2DM alters global gene expression by

statistical signiﬁcance was a p value <0.05. For

comparing transcriptomic proﬁles of ECs isolated

comparison of fold changes in HUVEC vs. T2DM ECs

from patients with T2DM (n ¼ 4) with data from

gene expression, a standard box plot was drawn using

healthy controls (n ¼ 5, EC-Con) (15). In T2DM ECs, 51

ggplot2. The plot shows the minimum, ﬁrst quartile,

genes were signiﬁcantly up-regulated and 101 genes

median,

signiﬁcantly down-regulated compared with EC-Con

third

quartile,

and

maximum

values

(Figure 2E). The p value was determined by Wilcoxon

(Figure

rank sum test.

metabolism and growth, including TGFb and oxida-

2A).

GSEA

identiﬁed

that

pathways

of

tive phosphorylation, were positively and negatively

RESULTS

enriched in T2DM ECs, respectively (Figure 2B). Signiﬁcant positive enrichment occurred in Cyclin D1

Cells collected via venous cannulation and wire

signaling, a pathway that has not yet been implicated

abrasion were immediately labeled with anti-CD144-

in vascular disease in T2DM. Notably, androgen

conjugated magnetic microbeads, which recognize

signaling was negatively enriched in T2DM ECs,

the EC surface marker VE-Cadherin (aka CD144). This

consistent with emerging links between androgen

method reproducibly recovers 1,000 ECs from 1 arm

deﬁciency, T2DM, and cardiovascular disease (16).

of a human donor within 45 min. CD144- selected

Finally, we modeled the hyperglycemia associated

cells stained positive for the EC protein Von Wille-

with T2DM in vitro by treating HUVEC with high

brand factor and possess characteristic nuclear

glucose (25 mM, 24 h). Although many more genes are

morphology that distinguishes them from non-ECs, as

modulated by glucose in vitro, of the 51 genes

previously described (Figure 1A) (5). To evaluate the

induced in T2DM, a signiﬁcant number of genes

molecular identity of these cells more comprehen-

(p < 4.32e-13 for probability of overlap) were shared

sively,

we

performed

unbiased

gene-expression

in glucose-stimulated HUVEC (Figures 2C and 2D).

proﬁling by paired-end RNA sequencing of EC

Independent validation of these targets in a separate

(n ¼ 4, EC-Con) and ﬂow-through fractions (n ¼ 4, FT-

experiment of HUVEC treated with high glucose or

Con) from healthy control subjects. One pair of EC-FT

mannitol (as an osmolarity control) identiﬁed up-

was left out of this analysis because of low quality in

regulation of a subset of genes (Supplemental

the FT fraction. Pairwise analysis of differential

Figure 1). Based on these results, we considered the

expression

highly

possibility that the trends in gene up-regulation may

expressed in the CD144-selected cell fraction and

be similar in T2DM ECs and glucose-treated HUVEC.

3,325 genes in the FT fraction (Figure 1B) (adjusted p

For this analysis, we derived 2 gene lists from the

value <0.05; log2 fold change $1). We next used a

HUVEC RNA-seq dataset: glucose-induced genes and

curated list of genes previously identiﬁed as highly

genes that did not change expression. We then

restricted to ECs to perform gene set enrichment

compared the composite fold change of these 2 gene

analysis on the RNA-seq data from isolated cells (14).

lists in the T2DM EC RNA-seq dataset. With this

This approach identiﬁed striking positive enrichment

approach, we detected a signiﬁcant global shift in

for EC genes in the human CD144-selected cells

expression of glucose-induced genes in T2DM ECs

(Figure 1C). To address the molecular identity of the

(Figure 2E).

identiﬁed

2,549

genes

more
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disease that has been described, given that loss of
function mutations in the TGF-b pathway are causally

Vascular ECs play a central role in cardiovascular

linked to genetic aneurysm syndromes such as Loeys-

homeostasis and disease. Tools to study ECs in an

Dietz syndrome (27,28).

unbiased manner directly in humans are limited but

Despite known differences in homeostatic gene-

are critical to improve discovery-based research in

expression programs of cultured ECs vs. ECs imme-

human vascular biology. We address this limitation

diately after isolation from organ depots, we detected

by developing a reproducible method for isolating,

a partially shared gene regulatory response between

enriching, and then proﬁling global gene-expression

glucose-treated HUVECs and T2DM ECs (17). In addi-

programs in ECs from human subjects. Previous re-

tion, some genes were also up-regulated by mannitol

ports demonstrate rapid dedifferentiation of ECs and

in HUVEC, suggesting hyperosmolarity itself controls

macrophages following their removal from resident

EC gene expression in vitro and may be relevant to

tissue microenvironments (17,18). The method pre-

gene regulation in vivo in patients with diabetes

sented here enables the study of context-dependent

mellitus. Notably, this experiment compares stress

gene regulation in human ECs without supervening

responses in vitro and in vivo, unlike previous work

effects of cell culture. As a result, ECs isolated from

examining baseline transcriptional proﬁles in ECs.

patients can be used to broaden our insights into

Although the number of patients studied was small,

molecular mechanisms governing blood-vessel func-

the

tion in humans.

signaling can lead to some convergences in gene

Previous work with freshly isolated ECs studied

data

presented

herein

suggest

that

stress

expression in vitro and in vivo.

differences in candidate signaling pathways in ECs

STUDY LIMITATIONS. We cannot exclude the possi-

using targeted immunoﬂuorescence (3,5,19,20). A key

bility that our CD144 cell-sorting method might bias

goal of our study was to demonstrate that global

these results if EC differentiation state and CD144

differences in gene expression between 2 different

expression is down-regulated during progression of

patient groups could be measured with isolated ECs.

diabetes, as has been shown in other contexts (29).

We chose to study patients with T2DM, given the

Orthogonal methods, such as multimarker sorting and

strong links between T2DM, EC dysfunction, and

single-cell RNA-sequencing could be used to over-

vascular disease (21). Notably, androgen signaling

come these potential limitations. Another limitation

was negatively enriched in T2DM ECs, providing

of this study is the relatively small number of patients

validation for our experimental system, given estab-

included in this ﬁrst study of diabetes. In the future,

lished associations between androgen deprivation—

increasing sample size will improve statistical power

both physiologic and cancer treatment-induced—with

to discern subtle changes in gene expression between

metabolic and cardiovascular disease (16,22,23). This

disease or treatment groups.

is also the ﬁrst study to implicate impaired androgen
signaling in ex vivo diabetic ECs. Down-regulation of

CONCLUSIONS

oxidative phosphorylation observed here in isolated
ECs is consistent with known changes in mitochon-

These results illustrate how a multimodal experi-

drial and EC function provoked by hyperglycemia and

mental platform that couples data from primary hu-

insulin resistance (24). In contrast to the androgen

man samples with data from established in vitro

pathway, the role of cyclin D1 signaling in diabetic

model systems could prioritize pathways for further

vascular disease is unknown and merits further

exploration as mediators of EC dysfunction in human

study. Cyclin D2, a closely related homologue

disease. We anticipate that this approach, which

involved in cell-cycle control, is induced by glucose in

couples immunopuriﬁcation with unbiased gene

rat ECs and promotes EC proliferation (25). Connec-

expression, can be applied to study mechanisms of

tions between cyclin D1 and EC dysfunction in dia-

chronic cardiovascular diseases in humans as well as

betes mellitus may be particularly relevant now,

vascular effects and toxicities of drugs in clinical use

given ongoing trials of new cancer therapies that

or preclinical development.

inhibit the cyclin D1 axis. These therapies could be
deployed to disrupt cyclin D1 signaling in ECs and test
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PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE: Endothelial

probe how endothelial function changes in systemic dis-

function is an important clinical feature of diabetes mel-

eases including diabetes mellitus.

litus. However, tools to study endothelial molecular
biology directly in patients are limited. The current study

TRANSLATIONAL OUTLOOK: Patient-derived

provides validation of a method to study gene regulation

endothelial cells can be used to discover new biological

in endothelial cells from humans. This tool can be used to

pathways in systemic diseases that feature vascular
dysfunction.
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