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Human umbilical vein endothelial cells are the most widely used in vitro model for endo-
thelial cells. Their secreted proteins, however, have not been comprehensively analysed so far.
In this study, we accomplished to map the secretome of human umbilical vein endothelial
cells by combining free-flow electrophoresis with nanoflow LC-MS/MS. This comprehensive
analysis provides a basis for future comparative studies of protein secretion by endothelial

cells in response to cardiovascular risk factors and is available on our website http://

www.vascular-proteomics.com.
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Endothelial cells form the inner lining of all vessels and play
a central role in the pathogenesis of cardiovascular disease,
including atherosclerosis, the major cause of morbidity and
mortality in the Western world [1]. To date, proteomic data
sets have been published on intracellular proteins and
microparticles of human umbilical vein endothelial cells
(HUVECsS) [2-5]. A proteomic analysis of secreted proteins,
however, has not been performed so far, partially due to
difficulties in analysing conditioned medium of HUVEC
cultures. HUVECs require serum supplements for their
survival, which mask secreted proteins in their conditioned
medium. In this study, we characterized the secretome of
HUVECs by using a combination of free-flow electrophor-
esis (FFE) and nanoflow LC-MS/MS to overcome the
complexity of the serum supplement.

HUVECs were isolated from human umbilical cords as
described previously [6]. Immunofluorescence staining
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confirmed the presence of the endothelial marker VE-
cadherin (CD144, Fig. 1). Before sampling, the endothelial
monolayer was washed extensively with plain medium to
minimize cross-contamination with bovine proteins and
incubated in serum-replacement medium overnight. The
conditioned medium was then separated by FFE to reduce
sample complexity (see online Methods in Supporting
Information). Figure 2A shows the corresponding pH of
each fraction in the 96-well collection plate. To verify their
protein content, fractions were separated by SDS-PAGE and
stained with silver. As highlighted in Fig. 2B, fractions 27 to
55 corresponding to the pH range 3-9 contained most of the
proteins. Based on their complexity, fractions were pooled,
subject to tryptic digestion, and analysed by LC-MS/MS
(LTQ Orbitrap XL, ThermoFisher Scientific). FFE separation
and LC-MS/MS analysis were both performed on two
different sets of conditioned media. Spectra were searched
against a combined bovine/human database using the
Sequest and X!Tandem algorithm. Peptide and peptide
probabilities were computed using the Scaffold software
(v2.0, Proteomesoftware). In total, 374 proteins satisfied the
filter criteria of 80% peptide probability and 95% protein
probability. The putative match of 182 human proteins was
further confirmed by visual inspection of the spectra
(Supporting Information Table). The entire MS/MS data set
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Figure 1. Immunofluorescence
analysis. Endothelial cells were
stained for CD144  (VE-
cadherin). Nuclei were coun-
terstained by DAPI (blue).

Figure 2. FFE separation. (A)
pH gradient and the distribu-
tion of p/ markers in the 96-well
collection plate at the time of
the p/ marker test performed
immediately before sample
application. (B) After FFE, the
fractions were separated by
SDS-PAGE and stained with
silver. Each fraction is labelled
with the number of the well.
“S"” denotes ‘“‘sample before
FFE fractionation” and “M" for
“marker”. (C) Plot depicting
the number of identified
proteins throughout the 96-
well plate. (D) Total number of
spectra obtained for albumin.
SPARC (E) and TIMP-1 (F) are
confined to specific fractions in
the 96-well collection plate.
The similar number of
assigned spectra in the two
different biological replicates
(grey and black bars) demon-
strates the consistent recovery
after FFE.
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b) Previously identified in the secretome of rat endothelial cells [8].
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is deposited in PRIDE (http://www.ebi.ac.uk/pride/, acces-
sion numbers: 9291-9353 plus 9751).

Figure 2C shows the number of identified proteins in
each fraction. As expected based on the high conductivity of
the anodic and cathodic stabilization media [7], fractions
24-61 contained most proteins. Albumin spreads over
multiple fractions (Fig. 2D), but the percentage of albumin
scans was comparable to the best results reported by others
[8] (14.8 and 11.9% of all identified spectra were assigned to
albumin in the first and second biological replicate,
respectively). Unlike albumin, most proteins were repro-
ducibly confined to few fractions (Figs. 2E and F) and most
of the secreted and membrane proteins identified have not
been previously reported in proteomic analyses of condi-
tioned medium from endothelial cells [8, 9] (see footnote to
Table 1). Representative MS/MS spectra are shown in
Supporting Information Fig. 1. Unsupervised pathway
analysis (Ingenuity System, Mountain View, CA) built four
dominant protein association networks (Supporting Infor-
mation Fig. 2) and returned “coagulation system”, “IGF-1
signalling”, “complement system” and “leukocyte extra-
vasation signalling” as top canonical pathways.

Factors released by endothelial cells play a key role in
vascular homeostasis. In this study, we explored the possibi-
lities of FFE to overcome the complexity of proteins in condi-
tioned medium of cell cultures. Briefly, a carrier ampholite is
loaded with the protein sample and continuously streamed
[10-12]. The separation takes place due to an electrical field
perpendicular to the direction of the flow and proteins are
collected separately depending on their pI. FFE has been widely
used in proteomics, including the separation of cell organelles
[13, 14] or plasma samples [7, 11], but to our knowledge, no
analysis of cell culture medium has been performed thus far.
FFE offers three major advantages for the analysis of condi-
tioned medium: First, because of the high loading capacity,
large volumes of conditioned medium (24 mL were used in this
study) can be concentrated, desalted and prefractionated in a
single run. Second, albumin, the most abundant component in
the culture medium, is contained in 14 fractions out of 96
wells. Thus, FFE can separate low-abundant proteins from
high-abundant compounds in the conditioned medium. Third,
the prefractionation is performed in the liquid-phase mini-
mizing potential sample loss and providing maximum
compatibility with subsequent analysis by LC-MS/MS.

Traditional cardiovascular risk factors, such as hyperch-
olesterolemia, hypertension, diabetes and cigarette smoking,
induce endothelial dysfunction. Our approach of combining
FFE with LC-MS/MS partially overcomes the problems
inherent to large-scale analyses of protein secretion [15] and
will assist future studies of endothelial protein release in
response to cardiovascular risk factors [16].
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