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Abstract A profile of transcript abundances from
multiple genes constitutes a molecular signature if the
expression pattern is unique to one cell type. Here we
measure mRNA copy numbers per cell by normaliz-
ing per million copies of 18S rRNA and identify 6
genes (TIEI, KDR, CDHS5, TIE2, EFNA1 and
MYOS5C) out of 79 genes tested as excellent molec-
ular signature markers for endothelial cells (ECs) in
vitro. The selected genes are uniformly expressed in
ECs of 4 different origins but weakly or not expressed
in 4 non-EC cell lines. A multi-gene transcriptional
profile of these 6 genes clearly distinguishes ECs
from non-ECs in vitro. We conclude that (i) a profile
of mRNA copy numbers per cell from a well-chosen
multi-gene panel can act as a sensitive and accurate
cell type signature marker, and (ii) the method
described here can be applied to in vivo cell
fingerprinting and molecular diagnosis.
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Introduction

Cells of a specific lineage but different subtype may
share common expression levels of a number of gene
products, due to conserved regulatory molecules in the
development system (Ivanova et al. 2002; Whitfield
et al. 2006). Meanwhile, a significant fraction of the
genome is differentially expressed in different lineages,
so that the expression patterns of some of those genes
may uniquely fingerprint a particular lineage (Deng
et al. 2006; Ramalho-Santos et al. 2002). Genes that fit
both categories—common and abundant expression in
all cells of one lineage and weak expression in cells of
other lineages—would be excellent cell signature
markers. Examples of such signature markers include
CD4, CD3 and CDS8 for T-cells (Haynes et al. 1990), and
CD19 and CD20 for B-Cells (Kehrl et al. 1994). A
method that reliably measures the abundance of a gene
product, either protein or transcript, is capable of
identifying such signature markers. However, protein
quantification can be challenging, since not all proteins
have antibodies suitable for quantification (Haab et al.
2001). Transcript quantification is more feasible,
depending chiefly on consistent primer amplification
during polymerase chain reactions (PCR) (Bustin 2002;
Shih and Smith 2005).
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Real-time PCR is regarded as the gold standard for
nucleic acid quantification (Bustin 2002; Klein 2002).
We pioneered a high throughput approach for multi-
gene transcriptional profiling (MGTP) using real-time
PCR with a master cDNA template to measure
mRNA copy numbers from many genes (Shih and
Smith 2005). In this report, we investigate the utility
of MGTP for the discovery of multi-gene cell
signature markers. First, we quantified copy numbers
per cell of 18S rRNA, the most uniformly expressed
housekeeping gene (Aerts et al. 2004; Bas et al.
2004), enabling translation of MGTP abundances into
per cell quantities. We then looked for signature
markers of endothelial cells (ECs) from 79 genes and
identified 6 genes (TIE1, KDR, CDHS, TIE2, EFNAL1
and MYOS5C; all genes are identified with NCBI
standard symbols) that are uniformly expressed in
ECs and whose abundances clearly distinguish ECs
from non-ECs. Our results suggest that multi-gene
per-cell mRNA profiles will be a valuable tool for the
discovery of cell signature markers and for finger-
printing cell lineages.

Materials and methods
Cell lines and cell culture

This study used 6 human primary cell lines: HUVEC
(umbilical vein EC), HPAEC (pulmonary artery EC),
HCAEC (coronary artery EC), HDMEC (dermal
microvascular EC), HCASMC (coronary artery
smooth muscle cells), and HDF (dermal fibroblasts);
and 13 established cell lines: HEK-293A (embryonic
kidney cells), PC3 (prostate cancer), Colo201 (colon
carcinoma), MDA-MB231 (breast cancer), M21 (mel-
anoma), HT-1080 (fibrosarcoma), SW620 (colon
carcinoma), U937 (leukemic monocyte) and glioblas-
toma cell lines (U59, U87, U118, U138, and U373).
HDMEC and HDF were acquired from our core
facility. HUVEC, HPAEC, and HCAEC were
purchased from Clonetics (East Rutherford, NJ),
HEK-293A from Invitrogen (Bethesda, MD), and
the other cell lines from ATCC (Manassa, VA). All
ECs and HCASMC were cultured in EC growth
medium-2-MV and smooth muscle growth medium
(Clonetics) to 85-95% confluency with 5% CO,. All
other cell types were cultured in DMEM containing
high glucose with 10% FBS and used within the first
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3 weeks. At every passage, the cells in each plate were
split into five.

RNA isolation and cDNA preparation

Total RNA was prepared using the RNeasy RNA
extraction kit with on-column DNase digestion (Qiagen,
Chatsworth, CA) following the manufacturer’s
instructions. The DNase-treated RNA (100 ng) was
then converted into cDNA using random primers and
SuperScript III (Invitrogen) and stored at —80 °C.

Primer design and validation

Gene-specific areas of the sequence were selected for
primer design based on NCBI Blast searches to
eliminate regions with homologies to other genes as
described previously (Shih and Smith 2005). For
genes that have different transcriptional variants,
primers were designed from the common sequence
area and synthesized by IDT (Coralville, IA). Primers
meet the standard primer design parameters con-
tained in the guidelines of the Primer Express oligo
design software (ABI, Foster City, CA). Where
feasible, the 5’-end of each primer set does not have
A/T or G/C complementarity and the 3’-end of the
primers finishes in G or C, but 3 out of 5 of the 3’-end
nucleotides are A or T.

Quantitative real-time PCR

The SYBR Green I assay and the ABI 7500 Fast
Real-Time PCR System were used for detecting PCR
products from cDNA samples as described previously
(Shih et al. 2002). PCR reactions for each cDNA
sample were performed in duplicate and copy num-
bers were calculated using standard curves generated
from a master template (Shih and Smith 2005). For
each data point, mean and standard deviation (SD)
were calculated from 3 cDNA samples prepared in 3
separate wells of a 6-well culture plate. In different
real-time PCR runs, it is common to obtain gene
expression variations within a range of +20% even
after careful monitoring and calibration of each
experimental step to ensure RNA integrity and cDNA
yield (Shih and Smith 2005). In this paper, we will
classify gene expression as uniform if the expression
has a coefficient of variation (CV; the ratio of the SD
to the mean) less than 30%.
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18S rRNA quantification

All cell lines were cultured to approximately 85-90%
confluency in a duplicate set of wells where one set
was used to extract total RNA and another set was
used to calculate total cell numbers. The recovered
total RNA was divided by total cell number to
acquire total RNA weight/cell. The cDNA derived
from 1 ng total RNA was then loaded to each of
multiple wells and we measured 18S rRNA copies/
1 ng total RNA, enabling calculation of 18S rRNA
copies/cell.

Immunocytochemistry

HUVECs were plated on an 8 mm glass disc (Fisher
Scientific) and fixed with 4% paraformaldehyde at
25 °C for 5 min, then blocked with PBS solution
containing 1% FBS. The cells were stained for 2 h at
25 °C with primary antibodies against TIE1 (Abcam,
Cambridge, MA), CDHS5 (Santa Cruz Biotechnology,
Santa Cruz, CA), KDR (Cell Signaling Technology
(Danvers, MA), or EFNA1 (Abcam). Alexa Fluor-594
conjugated anti-rabbit, anti-goat, or anti-mouse anti-
bodies were used as secondary antibodies and applied
for 2 h at 25 °C. Rhodamine-conjugated phalloidin
for 45 min at 37 °C to stain F-actin. ProLong Gold
antifade reagent with DAPI (Invitrogen) was used to
mount the slide.

1,600,000

Results and discussion

Measurement of 18S rRNA copy numbers per cell
in cultured cell lines in vitro

Others have reported that 18S rRNA is uniformly
expressed across cell types and exhibits minimal
variation in response to stimuli in different cell types;
hence, it is a superior normalizer (Aerts et al. 2004; Bas
etal. 2004). We quantified 18S rRNA copy numbers per
cell in cultured cell lines in vitro. Nineteen cell lines
were selected (Fig. 1), 13 of which were established cell
lines and 6 of which were passage-5 primary cell
cultures. As shown in Fig. 1, all 19 cell lines showed
comparable levels of 18S rRNA expression with
copy numbers in specific cell lines ranging from
897,858 + 95,342 to 1,169,507 £320,855 per cell
and with average copies over all 19 cell lines averaging
1,040,947 + 223,924 per cell. We conclude that 18S
rRNA is expressed uniformly in cultured cells in vitro,
regardless of whether they are primary or established
cell cultures, at about a million copies of 18S rRNA per
cell. As 18S-, 28S-, and 5.8S-rRNA are synthesized by
cleavage from a common 13 kb transcription unit, the
total number of rRNA copies per cell are therefore at
least 3 million copies as 5S rRNA is transcribed
separately. This estimate is somewhat lower than that of
Sentenac, who estimated that 10 million copies of total
rRNA are required in eukaryotes (Sentenac 1985).
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Fig. 1 Measurements of 18S rRNA copy numbers per cell in
cultured cell lines in vitro. Six primary cell lines (passage-5)
and thirteen established cell lines were used to measure 18S
rRNA copies/cell (see “Materials and methods”). Three

Established Cell Lines

individual RNA samples prepared from three different cultures
of each cell line were used to calculate mean &+ SD. All
nineteen in vitro cultured cells expressed about one million
copies of 18S rRNA/cell
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To obtain target gene abundances per cell, we
measure both 18S rRNA and target gene copy
numbers in a given sample and normalize target
gene abundance per million copies of 18S rRNA.
With this approach, we typically obtain approxi-
mately 1,000 fS-actin mRNA copies per cell for in
vitro cultured cells, which is similar to the number
per cell reported by others (Bjarnadottir and Jonsson
2005), and frequently obtain 1-15 mRNA copies/cell
for many biologically active genes. Hereafter, we will
regard expression levels greater than 15 copies/cell as
a high expression level, expression levels between
1-15 copies/cell as a moderate expression level, and
expression levels less than 1 copy/cell as a low
expression level.

Based on unpublished data from simultaneous
MGTP, flow cytometry, and Western blot studies of
over 60 genes, we find that samples with more than
15 mRNA copies/cell of a membrane bound gene
are consistently measurable by flow cytometry,
whereas samples with of less than 1 copy/cell are
generally detectable only by Western blot. Western
blot can typically detect proteins when the mRNA
abundance is above 0.1 copies/cell, an mRNA level
that indicates that about 10% of the cells express a
single copy of the transcript of interest at any given
moment. Poor correlation between mRNA abun-
dances and protein abundances measured by flow
cytometry is rare but can occur; for membrane
bound proteins this usually indicates cleavage from
membrane surface as in the case of CD23 (Lemieux
et al. 2007) but could indicate protein internaliza-
tion as in the case of KDR (Dougher and Terman
1999).

A search for endothelial cells (ECs) EC cell
signature markers using multi-gene transcriptional
profiling (MGTP)

ECs are heterogeneous, encompassing a variety of
phenotypes that are differentially regulated in space
and time (Aird 2005). We searched for excellent EC
signature markers by looking for genes that are
uniformly (coefficient of variation CV less than 30%;
see “Quantitative real-time PCR” in “Materials and
methods”) and moderately to highly (>1 mRNA
copy/cell) expressed in ECs of different origin [artery
(HPAEC and HCAEC), vein (HUVEC), and micro-
vasculature (HDMEC)] but weakly or not expressed
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(<1 mRNA copy/cell) in all four types of non-ECs we
selected (HDF, HCASMC, 293A, and U937).

We selected 79 marker candidates, consisting of (i)
16 genes whose proteins have been widely used to
isolate ECs (ENG, MCAM, and PECAMI1; NCBI,
National Center for Biotechnology Information,
symbols are used throughout the paper), or are
widely studied for their molecular functions in ECs
(CD34, ESM1, FLT1, KDR, ICAM1, CDHS5, SELE,
SELP, THBD, TIE1, TIE2, VCAM1, and VWF), and
(ii) 63 genes that were identified through a gene chip
study of cultured ECs of different origin (Chi et al.
2003).

We measured mRNA copy numbers per cell for all
79 genes in 24 EC samples (6 total RNA samples
from different cultures of each of HUVEC, HPAEC,
HCAEC and HDMEC). Results were divided into 3
categories based on mean copy number in EC
subtypes (Table 1): (i) 46 genes had mean expression
>1 copy/cell in all four EC subtypes; (ii) 20 genes
had mean expression >1 copy/cell in at least one EC
subtype; and (iii) 13 genes had mean expression <1
copy/cell in all four EC subtypes. This last group was
excluded from further study.

We measured expression of the remaining 66
genes in 24 non-EC samples (6 total RNA samples
from different cultures of each of HCASMC, U937,
HEK?293, and HDF) and compared the expression
level with ECs. Thirty-one genes met two require-
ments for possible use as EC lineage markers: a
p-value <0.00075 in the student #-test to distinguish
ECs from non-ECs, which corresponds to a p-value of
0.05 subject to the Bonferroni correction for 66
genes; and mean expression in ECs greater than mean
expression in non-ECs. These 31 genes are listed in
Table 2. Fourteen were from the pre-selected genes
whose proteins are known to be expressed in ECs
(highlighted in bold in Table 2) and seventeen were
from the Chi et al. (2003) gene chip study. The two
eliminated known EC genes, ICAM1 and VCAMI,
were more abundantly expressed in some non-ECs
than in ECs, notably in smooth muscle cells (data not
shown).

The 33 genes from Chi et al. (2003) which were
disqualified as good EC signature marker candidates
fell into three categories of exclusion: (i) the mean
expression of 15 genes (CD44, DHCR24, FGF2,
HMGCS1, IL6R, MYLK, MYOIB, PLA2GI2A,
NAV3, SMO, SQLE, SSH1, TGFA, VAV3, and
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Table 1 Expression abundances of seventy-nine genes in ECs

(i) Mean > 1 for all ECs

(ii) Mean < 1 for some ECs (iii) Mean < 1 for all ECs

Symbol Mean SD Symbol Mean SD Symbol Mean  SD Symbol Mean SD
SPARC 379.23 121.19 PGF 1128 546 CD36 6.39 1149 ROBO1 0.62 0.38
CLU 151.66 84.23 EVAI 10.58 4.84 GMFG 5.37 6.83  GDF 0.57 0.10
PECAM 109.10 15.60 JAM3 9.59 3.89 ITM2A 5.22 355 EGFR 0.38 0.31
FABP4 90.11 189.49 FLT1 8.38 3.58 EDNRB 3.01 519  ITGA4 0.29 0.32
MCAM 73.31 34.02 SORBS2 6.80 4.53 CETP 2.83 4.84  SFRPI 0.26 0.24
ALDHIA1 5690 2147 DHCR24 575 210 APOD 2.67 1.86  GAL 0.21 0.11
CDH5 56.64 921 ANGPT2 525 525 NOTCH4 2.32 1.35 MYO7A 0.11 0.17
FABPS 53.83 36.02 NAVI 489 149 ITGAl 2.05 319 FABP7 0.10 0.21
VWF 41.65 2127 TIE2 466 095 SELE 1.96 1.00  SIX3 0.04 0.07
CD34 37.04 39.10 THBD 461 180 CEACAMI 1.75 288 OGN 0.02 0.01
COL4A1 36.51 16.13 BTD 451 0.84 HEY2 1.55 1.53  LEFTY2 0.01 0.01
COL4A2 35.71 13.21 ILIRI 451 232 ITGB4 1.52 1.78  CALCR 0.01 0.01
ESM1 33.64 11.53 FGF2 434 077 SMO 1.45 1.29  KRT7 0.00 0.01
ENG 33.39 437 SQLE 429 137 NAV3 1.25 0.39

KDR 22.75 339 SSHI1 424 132 LIPG 1.24 0.92

COL5A2 21.35 691 CD44 401 199 MYLK 1.11 0.54

TIE1 20.83 4.08 MYOIB 398 193 SELP 0.86 0.81

EFNA1 18.22 1.85 HMGCSI1 327 172 TGFA 0.79 1.27

COL5A1 16.24 10.05 VCAM1 260 127 VAV3 0.71 1.23

ICAM1 14.20 10.30 MYOsC 216 0.62 IL6R 0.63 0.36

NRP2 12.35 3.60 VEGFC 1.86  0.92

EPHB4 12.23 2.56 PDGFD 1.82  0.65

ABLIM1 11.54 471 PLA2GI2A 1.74  0.26

The seventy-nine genes were divided into three categories based on whether expression was greater or less than one copy per cell in
all, some, or non-EC samples. The sixteen genes whose proteins are known to be expressed in ECs are highlighted in bold

VEGFC) was greater in non-ECs than in ECs; (ii)
p-value of 10 genes (CD36, COL5A1, COL5A2,
COL4A2, GMFG, IL1RI1, ITGA1, NAV1, PDGFD,
and SPARC,) was greater than 0.05 between ECs and
non-ECs; and (iii) p-value of 8 genes (CEACAMI,
CETP, COL4A1, EDNRB, FABP4, HEY2, JAM3,
and LIPG) was between 0.05 and 0.00075, making
them unable to adequately distinguish ECs from non-
ECs after Bonferroni correction.

We further segregated the 31 genes listed in
Table 2 into two groups based on their expression in
non-ECs. Of the 31 genes, 18 genes are expressed at
low levels (<1 copy/cell) in all non-ECs tested; these
are listed in Table 2a. Thirteen genes were expressed
at moderate levels (>1 copy/cell) in at least one non-
EC line; these are listed in Table 2b and are elimi-
nated as the candidates for the search of excellent EC
signature markers. PECAM1 and ESM1 can be good

EC markers as their expression difference between EC
to non-EC are greater than 34-fold.

Finally, we further segregated eighteen genes in
Table 2a into two groups based on their uniformity of
expression in ECs (CV < 30%). Six genes, 4 pre-
selected EC genes (TIE1, KDR, CDHS5, and TIE2) and 2
from the Chi el al gene chip study (EFNAI1 and
MYOS5C), met all four criteria of EC signature markers.
The criteria were: (i) A high fold difference in ECs over
non-ECs. Mean expression was at least 200-fold higher
in ECs for TIE1, KDR, and CDHS5 and at least ten-fold
higher in ECs for TIE2, EFNAI, and MYOS5C. (ii) A
low p-value to distinguish ECs from non-ECs. All 6
genes distinguished ECs from non-ECs with a p-value
of less than 10™"°. (iii) Uniform expression in ECs: the
CV was less than 30% among ECs. (iv) Low expression
in all non-EC samples tested: expression in all of the
non-EC lines was less than 1 copy/cell.
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Table 2 EC signature marker candidates

EC Non-EC EC versus non-EC

Symbol Mean SD CV Mean SD p value Fold

(A) Markers expressed at less than 1 copy per cell in all non-EC

Unform (CV < 30%) CDHS5 56.6 9.2 16.3 0.3 0.4 8.0E-32 203.1
KDR 22.6 34 15.1 0.1 0.1 2.6E-33 310.2
TIE1 20.8 4.1 19.6 0.0 0.1 2.2E-28 650.3
EFNALI 18.2 1.8 10.2 0.6 0.4 1.4E-39 27.0
TIE2 4.7 1.0 20.5 0.1 0.2 1.2E-26 319
MYO5C 22 0.6 28.6 0.2 0.2 2.8E-19 10.8
Variable (CV > 30%) VWF 41.6 21.3 51.1 0.0 0.0 1.2E-13 3,338.1
CD34 39.2 323 82.4 0.2 0.3 3.8E-07 217.1
PGF 11.7 6.0 51.6 0.2 0.2 4.1E-12 47.0
EVAIl 10.6 4.8 45.7 0.2 0.3 8.5E-14 54.3
SORBS2 6.8 4.5 66.6 0.2 0.2 5.6E-09 36.0
ANGPT2 52 53 100.1 0.0 0.0 1.3E-05 354.5
ITM2A 52 35 67.9 0.2 0.3 1.3E-08 24.0
APOD 2.7 1.9 69.7 0.0 0.0 1.1E-08 81.7
NOTCH4 2.32 1.35 58.3 0.02 0.02 9.8E-11 120.7
SELE 2.0 1.0 50.9 0.1 0.1 4.8E-12 30.2
ITGB4 1.5 1.8 116.9 0.2 0.3 5.4E-04 9.7
SELP 0.9 0.8 93.3 0.0 0.1 7.0E-06 31.1
(B) Markers expressed at greater than 1 copy per cell in some non-EC
Unform (CV < 30%) PECAM1 109.1 15.6 14.3 1.7 2.6 8.1E-34 64.2
ENG 334 4.4 13.1 5.0 3.6 3.6E-28 6.6
ESM1 32.6 11.3 34.6 1.0 1.1 7.9E-18 34.4
NRP2 124 3.6 29.2 43 43 9.1E-09 2.9
EPHB4 12.2 2.6 20.9 2.4 1.4 4.0E-21 5.1
BTD 4.5 0.8 18.6 2.4 2.1 4.7E-05 1.9
Variable (CV > 30%) CLU 151.7 84.2 55.5 354 429 2.7E-07 4.3
MCAM 73.3 34.0 46.4 1.6 1.5 1.5E-13 459
ALDHIA1 56.9 21.5 37.7 2.1 2.7 2.7E-16 27.3
FABP5 53.8 36.0 66.9 15.9 16.3 2.4E-05 34
ABLIM1 11.5 4.7 40.9 2.1 1.5 3.4E-12 5.4
THBD 8.5 7.8 924 1.8 2.0 1.8E-04 4.8
FLT1 55 34 62.2 1.8 2.0 3.1E-05 3.1

The 31 EC signature marker candidates were divided into two sub-tables: markers with gene expression in non-ECs always less than
one copy/cell were gathered in sub-table (A), and the rest gathered in sub-table (B). In each sub-table, genes are ordered by mean
expression in ECs. For both sub-tables, the selected genes are further divided into two groups, the top group having CV less than 30%
and bottom group CV greater than 30%

SD standard deviation, CV coefficient of variation in ECs, p-value from student t-test, fold ratio of mean EC expression to mean
non-EC expression

Two well-known EC markers, PECAMI1 and one non-EC cell line: PECAMI1 in U937 cells, ENG
ENG, were uniformly expressed among the 4 EC in U937, HCASMC, and HDF cells.
subtypes, but were excluded as EC signature markers Our finding of variable expression in ECs or
because they were moderately expressed in at least positive expression in non-ECs for many of the EC
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EC Signature Markers
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Fig. 2 EC signature marker expression in endothelial cells.
a MGTP profile of the 6 excellent EC signature markers,
showing a clear difference in expression in ECs compared to
non-ECs. CDHS5, KDR, TIE1, and EFNA1 are expressed at high
levels (>15 mRNA copies/cell) in all EC subtypes, while TIE2

and MYOSC are expressed at moderate levels (1-10 mRNA
copies/cell). b ICC staining of TIE1, KDR, CDHS, and EFNAL1
in red, with phalloidin stained F-actin in green and DAPI
stained nucleus in blue, in HUVEC and HDF. The bar
embedded in each picture indicates a length of 10 pm
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markers listed in Table 2 are consistent with others’
proteomic results: (i) ENG is strongly expressed on
vascular ECs but weakly expressed on hematopoietic
cells, fibroblasts, and smooth muscle cells (Fonsatti
et al. 2001), (ii)) PECAMLI is expressed on endothelia
and also a variety of mature hemopoietic cell types
(Davies et al. 1993; Watt et al. 1995), (iii) intact
endothelium expresses undetectable or low levels of
SELE and VCAMI (Eppihimer et al. 1996; Kuzu
et al. 1993), (iv) ICAMI is expressed in smooth
muscle cells (Couffinhal et al. 1994) and in ECs the
expression level varies between different vascular
beds and different segments of the vascular loop
(Henninger et al. 1997; Kuzu et al. 1993), and (v)
VWF is known to be differentially regulated by
vascular bed-specific pathways in response to signals
derived from the local microenvironment (Aird et al.
1997). This consistency with the results of proteomic
studies suggests that measuring mRNA copy numbers
per cell by MGTP will facilitate the identification of
cell signature biomarkers.

Figure 2a shows an MGTP profile for the 6 EC
signature markers, illustrating their ability to distin-
guish ECs from non-ECs. When HUVEC were mixed
with HEK293 cells in varying percentages, as
expected, mRNA copy numbers were directly propor-
tional to HUVEC cell percentage verifying that
expression is specific to the ECs and unregulated by
the presence of the non-ECs (data not shown).

Four of the EC signature markers, TIE1, KDR,
CDHS5, and EFNAI, are highly expressed (>15
copies/cell); they were selected for protein staining
in HUVEC and HDF using immunocytochemistry
(ICC). As shown in Fig. 2b, all four EC signature
markers showed positive ICC staining in HUVEC
whereas none showed a positive signal in HDF, as
expected given their low mRNA copy numbers in
those cells.

Expression of these 6 EC signature markers was
consistent over different experimental batches and
different donors, passages, and serum starvation (data
not shown), suggesting that they are likely to be
epigenetically regulated. Such EC-specific gene
expression makes these markers ideal for applications
like EC specific gene expression control. Indeed,
promoters of CDHS5 (Gory et al. 1999), KDR (Fadel
et al. 1998), TIE1 (Boutet et al. 2001), and TIE2
(Patterson et al. 1995) have already been used for
EC-specific gene expression regulation in vivo. In
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future work, it will be desirable to address whether
the various EC signature markers identified here
consistently mark the EC lineage in various in vivo
microenvironments.

Conclusion

MGTP, a method we developed to quantify mRNA
copy numbers (Shih and Smith 2005), enables
creation of quantitative gene expression profiles and
facilitates comparison of mRNA abundances across
genes, samples, and experiments. By normalizing per
million copies of 18S rRNA, results can be inter-
preted as mRNA copies/cell.

This study identified 6 genes (CDHS, KDR, TIEl,
TIE2, EENA1, and MYOS5C) out of 79 candidates as
excellent EC signature markers based on the follow-
ing criteria: (1) They distinguished ECs from non-
ECs with a p-value in the student #-test of less than
0.00075. (2) Expression was at least 1| mRNA copy/
cell in ECs; we regard this as an appropriate
minimum abundance for a useful marker, as it is in
our experience the mRNA level at which protein
products become detectable by flow cytometry. (3)
Expression was uniform in ECs (CV < 30%) and
below 1 copy/cell in non-ECs; these criteria minimize
uncertainty over the source of expression and permit
ready estimation of the EC percentage in samples
with mixed cell populations.

Multi-gene abundance profiles, such as those
provided by MGTP, have several advantages over
single-gene marker measurements, especially mea-
surements of fold-change: (1) The statistical reli-
ability of a multi-gene signature increases with the
number of markers, and improved statistics may be
critical in clinical applications due to the heteroge-
neity of genomic expression in human populations;
(2) Abundance information facilitates elimination of
weakly expressed genes from marker panels; and
(3) Inter-gene abundance ratios rather than the
abundance of single genes may be of critical
biological importance. In combination with DNA
microarrays, which screen the entire genome, MGTP
will facilitate the discovery of signature marker
panels whose expression profile is unique to a
specific normal or pathological cell type. Such
marker panels are likely to be valuable for molec-
ular diagnosis.



Cytotechnology

Acknowledgments Grants Supported in part by US Public
Health Service grants HL-64402 and PO1 CA92644.

References

Aerts JL, Gonzales MI, Topalian SL (2004) Selection of
appropriate control genes to assess expression of tumor
antigens using real-time RT-PCR. Biotechniques 36:84—86

Aird WC (2005) Spatial and temporal dynamics of the endo-
thelium. J Thromb Haemost 3:1392-1406

Aird WC, Edelberg JM, Weiler-Guettler H, Simmons WW,
Smith TW, Rosenberg RD (1997) Vascular bed-specific
expression of an endothelial cell gene is programmed by
the tissue microenvironment. J Cell Biol 138:1117-1124

Bas A, Forsberg G, Hammarstrom S, Hammarstrom ML (2004)
Utility of the housekeeping genes 18S rRNA, beta-actin
and glyceraldehyde-3-phosphate-dehydrogenase for nor-
malization in real-time quantitative reverse transcriptase-
polymerase chain reaction analysis of gene expression in
human T lymphocytes. Scand J Immunol 59:566-573

Bjarnadottir H, Jonsson JJ (2005) A rapid real-time qRT-PCR
assay for ovine beta-actin mRNA. J Biotechnol 117:
173-182

Boutet SC, Quertermous T, Fadel BM (2001) Identification of
an octamer element required for in vivo expression of the
TIE1 gene in endothelial cells. Biochem J 360:23-29

Bustin SA (2002) Quantification of mRNA using real-time
reverse transcription PCR (RT-PCR): trends and prob-
lems. J Mol Endocrinol 29:23-39

Chi JT, Chang HY, Haraldsen G, Jahnsen FL, Troyanskaya
OG, Chang DS, Wang Z, Rockson SG et al (2003)
Endothelial cell diversity revealed by global expression
profiling. Proc Natl Acad Sci USA 100:10623-10628

Couffinhal T, Duplaa C, Moreau C, Lamaziere JM, Bonnet J
(1994) Regulation of vascular cell adhesion molecule-1
and intercellular adhesion molecule-1 in human vascular
smooth muscle cells. Circ Res 74:225-234

Davies MJ, Gordon JL, Gearing AJ, Pigott R, Woolf N,
Katz D, Kyriakopoulos A (1993) The expression of the
adhesion molecules ICAM-1, VCAM-1, PECAM, and
E-selectin in human atherosclerosis. J Pathol 171:223-229

Deng DX, Spin JM, Tsalenko A, Vailaya A, Ben-Dor A,
Yakhini Z, Tsao P, Bruhn L et al (2006) Molecular sig-
natures determining coronary artery and saphenous vein
smooth muscle cell phenotypes: distinct responses to
stimuli. Arterioscler Thromb Vasc Biol 26:1058-1065

Dougher M, Terman BI (1999) Autophosphorylation of KDR
in the kinase domain is required for maximal VEGF-
stimulated kinase activity and receptor internalization.
Oncogene 18:1619-1627

Eppihimer MJ, Wolitzky B, Anderson DC, Labow MA,
Granger DN (1996) Heterogeneity of expression of E- and
P-selectins in vivo. Circ Res 79:560-569

Fadel BM, Boutet SC, Quertermous T (1998) Functional
analysis of the endothelial cell-specific Tie2/Tek promoter
identifies unique protein-binding elements. Biochem J
330(Pt 1):335-343

Fonsatti E, Del Vecchio L, Altomonte M, Sigalotti L, Nicotra
MR, Coral S, Natali PG, Maio M (2001) Endoglin: an
accessory component of the TGF-beta-binding receptor-
complex with diagnostic, prognostic, and bioimmuno-
therapeutic potential in human malignancies. J Cell
Physiol 188:1-7

Gory S, Vernet M, Laurent M, Dejana E, Dalmon J, Huber P
(1999) The vascular endothelial-cadherin promoter directs
endothelial-specific expression in transgenic mice. Blood
93:184-192

Haab BB, Dunham MJ, Brown PO (2001) Protein microarrays
for highly parallel detection and quantitation of specific
proteins and antibodies in complex solutions. Genome
Biol 2:RESEARCH0004

Haynes BF, Denning SM, Le PT, Singer KH (1990) Human
intrathymic T cell differentiation. Semin Immunol 2:67-77

Henninger DD, Panes J, Eppihimer M, Russell J, Gerritsen M,
Anderson DC, Granger DN (1997) Cytokine-induced
VCAM-1 and ICAM-1 expression in different organs of
the mouse. J Immunol 158:1825-1832

Ivanova NB, Dimos JT, Schaniel C, Hackney JA, Moore KA,
Lemischka IR (2002) A stem cell molecular signature.
Science 298:601-604

Kehrl JH, Riva A, Wilson GL, Thevenin C (1994) Molecular
mechanisms regulating CD19, CD20 and CD22 gene
expression. Immunol Today 15:432-436

Klein D (2002) Quantification using real-time PCR technology:
applications and limitations. Trends Mol Med 8:257-260

Kuzu I, Bicknell R, Fletcher CD, Gatter KC (1993) Expression
of adhesion molecules on the endothelium of normal
tissue vessels and vascular tumors. Lab Invest 69:322-328

Lemieux GA, Blumenkron F, Yeung N, Zhou P, Williams J,
Grammer AC, Petrovich R, Lipsky PE et al (2007) The low
affinity IgE receptor (CD23) is cleaved by the metallopro-
teinase ADAMI10. J Biol Chem 282:14836-14844

Patterson C, Perrella MA, Hsieh CM, Yoshizumi M, Lee ME,
Haber E (1995) Cloning and functional analysis of the
promoter for KDR/flk-1, a receptor for vascular endo-
thelial growth factor. J Biol Chem 270:23111-23118

Ramalho-Santos M, Yoon S, Matsuzaki Y, Mulligan RC,
Melton DA (2002) “Stemness”: transcriptional profiling
of embryonic and adult stem cells. Science 298:597-600

Sentenac A (1985) Eukaryotic RNA polymerases. CRC Crit
Rev Biochem 18:31-90

Shih SC, Smith LE (2005) Quantitative multi-gene transcrip-
tional profiling using real-time PCR with a master tem-
plate. Exp Mol Pathol 79:14-22

Shih SC, Robinson GS, Perruzzi P, Calvo A, Desai K, Green J,
Ali I, Smith LE et al (2002) Molecular profiling of angi-
ogenesis markers. Am J Pathol 161:35-41

Watt SM, Gschmeissner SE, Bates PA (1995) PECAM-1: its
expression and function as a cell adhesion molecule on
hemopoietic and endothelial cells. Leuk Lymphoma
17:229-244

Whitfield ML, George LK, Grant GD, Perou CM (2006)
Common markers of proliferation. Nat Rev Cancer 6:
99-106

@ Springer



	A multi-gene transcriptional profiling approach to the discovery of cell signature markers
	Abstract
	Introduction
	Materials and methods
	Cell lines and cell culture
	RNA isolation and cDNA preparation
	Primer design and validation
	Quantitative real-time PCR
	18S rRNA quantification
	Immunocytochemistry

	Results and discussion
	Measurement of 18S rRNA copy numbers per cell in cultured cell lines in vitro
	A search for endothelial cells (ECs) EC cell signature markers using multi-gene transcriptional profiling (MGTP)

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


