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Abstract

Objective—To evaluate global gene expression patterns in the common iliac arteries of monkeys
with varied extent of atherosclerosis.

Methods—The left common iliac artery was removed from ovariectomized cynomolgus
monkeys (n=12) after 6.5 years of consuming a diet containing fat and cholesterol at levels
comparable to that consumed in western populations. Arterial gene expression was analyzed by
DNA microarray and real time RT-PCR.

Results—Significant differential expression of 986 genes was observed in iliac arteries
containing moderate to large atherosclerotic plaques compared to normal/minimally affected
reference group arteries. Atherosclerosis-associated genes included cytokines, chemokines,
components of signal transduction pathways, and transcriptional activators and repressors, as well
as other functional categories. Real time RT-PCR confirmed differential expression of genes
chosen from a variety of functional categories. Specifically, expression of genes for estrogen
receptor 1 (ESR1), claudin 11, and BH protocadherin 7 (PCDH7) were reduced, whereas
expression of genes for apolipoprotein E (ApoE), growth differentiation factor 15 (GDF15),
superoxide dismutase 2 (SOD2), SET domain, bifurcated 2 (SETDB2), phospholipase A2 group
1A (PLA211A), phospholipase A2 group VII (PLA2VII), and ring finger protein 149 (RNF149)
were increased in atherosclerotic arteries.

Conclusions—The gene expression environment in arteries containing atherosclerotic plaques is
profoundly different from that of relatively unaffected arteries and reflects the cellular and
molecular complexity of atherosclerosis and associated arterial remodeling processes.
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Introduction

The sequelae of atherosclerosis are leading causes of morbidity and mortality. Much is
known about the pathogenesis of atherosclerosis!, and many studies of gene expression in
atherosclerotic lesions have been performed, both at the level of single gene analysis?3 and
by global gene expression profiling technologies such as DNA microarray*=13. In spite of
the applications of global gene expression technologies and the availability of large gene
expression data sets, there is only partial agreement on gene expression patterns in
atherosclerosis®, and the need exists for more complete data sets.

The cynomolgus monkey is an ideal model for the study of the effects of atherosclerosis in
the cardiovascular system. Female cynomolgus monkeys develop atherosclerosis when fed
an atherogenic diet, and, like women, their susceptibility varies with their reproductive
stage; premenopausal monkeys are relatively protected from atherosclerosis while
postmenopausal monkeys lose such protection.1 Moreover, the ovariectomized cynomolgus
monkey has proven to be an important animal model for the postmenopausal human
vasculature 1516

Previous studies in the cynomolgus monkey model have demonstrated strong parallels
between atherosclerosis progression and expression of mMRNA for inflammatory mediators,
cell adhesion molecules, and chemokines, as well as markers indicative of the presence of
immune cell populations such as monocyte-macrophages and T cells.1”18 Under certain
circumstances the expression of these markers may be more sensitive indicators of responses
to treatment than atherosclerotic lesion size.1’~19 In the current study, the iliac artery was
used as a surrogate for the coronary artery because atherosclerosis extent in the right and left
iliac arteries is very highly correlated with atherosclerosis in the coronary arteries.1 In this
study we explored the effect of atherosclerosis on global gene expression patterns in the
common iliac arteries of ovariectomized female cynomolgus monkeys with varied extent of
atherosclerosis.

Methods and Materials

Animals and Study Design

Twelve adult female surgically menopausal cynomolgus macaques (Macaca fascicularis),
estimated average 21 years of age (range 11-27), were used for this study. At the initiation
of the study presented here, the monkeys had been housed in stable social groups of 3—4
animals each and consumed various semi-purified diets for 6.5 years. The diets were
formulated to mimic a typical diet consumed by people in North America, containing ~0.20
mg cholesterol/Calorie of diet, up to 30-35% fat, and the protein source varied between
various formulations of animal (casein/lactalbumin) and vegetable (soy). The monkeys had
been surgically postmenopausal (ovariectomized) for 4-6 years prior to the initiation of this
study.

The left common iliac artery was obtained from each monkey for evaluation as described.1’
Briefly, monkeys were anesthetized and the left common iliac artery was isolated via
laparotomy. One ligature was placed at the point of bifurcation of the iliac artery from the
abdominal aorta, a second ligature was placed proximal to the bifurcation into internal and
external iliac arteries, and the section of iliac artery between ligatures was removed. One
segment was placed in RNA later® (Sigma, St. Louis, MO) for preservation of RNA, one
segment was fixed in 4% paraformaldehyde for measurement of plaque intimal area as
described?%, and one segment was preserved in OCT for a separate study.
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For data analysis, the left iliac artery biopsies were stratified into 3 groups based on the
extent of atherosclerotic plaque. Arteries that were normal (no lesion) or minimally affected
by atherosclerosis (plague extent 0.04 + 0.02 mm?2 (mean + SEM), range 0-0.113 mm?),
n=4, were designated reference group arteries. The group designated medium contained
lesions of 0.44 + 0.04 mm? (range 0.30 + 0.542 mm?), n=5. The extent of plaque in the
category designated large lesions was 0.83 + 0.12 mm? (range 0.61-1.003 mm?), n=3.

All procedures involving animals were conducted in compliance with State and Federal
laws, standards of the U.S. Department of Health and Human Services, and guidelines
established by the Wake Forest University Animal Care and Use Committee (ACUC). The
facilities and laboratory animal program of Wake Forest University are fully accredited by
the Association for the Assessment and Accreditation of Laboratory Animal Care.

RNA extraction

Total RNA was extracted from iliac artery biopsy segments (2.2-18.8 mg) as described.?!

Protein extraction and immunoblot

Proteins were extracted from the TRI reagent organic phase and resuspended using the SDS
method as described.22 The protein content of the extracts was measured using the
bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL). Proteins (25 pg per lane)
were resolved by electrophoresis on 10% polyacrylamide SDS gels and electrophoretically
transferred to polyvinylidene difluoride (PVDF) membranes (BioRad Laboratories,
Hercules, CA). AquaBlock (East Coast Biologics, North Berwick, ME) was used to block
nonspecific binding sites in the membranes overnight. The membranes were incubated
overnight with goat anti-apolipoprotein E (apoE) primary antibody diluted in AquaBlock
(1:1000, Millipore, Temecula, CA). The membranes were washed and incubated overnight
with IRDye 800-conjugated secondary anti-goat antibody (1:1000, Rockland
Immunochemicals, Gilbertsville, PA) for 3 hours. The membranes were washed again and
the apoE bands were imaged on an Odyssey Infrared Imager (LI-COR, Lincoln, NE). The
membranes were then incubated overnight with mouse anti-p-actin antibody (1:8000;
Calbiochem, La Jolla, CA), washed, and incubated overnight with IRDye 800-conjugated
secondary anti-mouse antibody (1:8000, Rockland Immunochemicals, Gilbertsville, PA).
The membranes were washed and the B-actin bands were imaged on the Odyssey Infrared
Imager. The Odyssey densitometry program (LI-COR, Lincoln, NE) was used to analyze the
apoE and B-actin images. The density of the apoE protein band was normalized to the -
actin loading control; data are expressed as relative protein density.

DNA microarrays

The CodeLink Whole Human Genome Bioarrays (Applied Microarrays, Tempe, AZ;
formerly GE CodeLink)23-25 were used for the DNA microarray analysis of gene expression
of the cynomolgus monkey RNA as documented.2® These microarrays contain 53,000
single-stranded 30-mer oligonucleotide probes for human genes/transcribed sequences.
Biotinylated probes were prepared using 0.275 g iliac artery total RNA as the starting
material. Hybridization and processing were carried out as described.2:2327 The microarray
images were acquired and aligned with GenePix Pro software (MDS, Inc., Toronto,
Canada). Background correction was applied, and the individual gene specific spots were
identified and quantitated using CodeLink software (Applied Microarrays). Acuity software
(MSD, Inc.) was used to obtain fold expression values. The expression of each gene was
normalized to the median gene expression and each slide to the 50t percentile of gene
expression using GeneSpring 7.0 software (Agilent, Santa Clara, CA). GeneSpring software
was also used for statistical analysis of the microarray data.
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Real time RT-PCR

Real time reverse transcription-polymerase chain reaction (RT-PCR)23 was used to confirm
the differential expression of 9 genes that had been shown to be differentially expressed by
DNA microarray. Complementary DNA (cDNA) was synthesized from 0.1 ug of total RNA
by reverse transcription using the High Capacity cDNA Archive Kit from Applied
Biosystems (Foster City, CA). The PCR reaction used cDNA from the reverse transcription
reaction and thermal stable AmpliTagq Gold DNA polymerase for DNA amplification.
Predesigned primers and FAM-labelled minor groove binding probes were obtained from
TagMan Gene Expression Assays (Applied Biosystems). Glyceraldehyde phosphate
dehydrogenase (GAPDH) was used as the housekeeping gene. All samples were run in
duplicate. Data from the real time RT-PCR reactions were analyzed by qBase software.28

Statistical analysis

Results

GeneSpring GX 7.0 software (Agilent, Santa Clara, CA) was used for the statistical analysis
of DNA microarray data. The p value was set at 0.05 for the 1x3 analysis of variance. The
Benjamini and Hochberg False Discovery Rate was used for multiple testing correction.
Approximately 5% of the identified genes would be expected to pass this restriction by
chance using the Benjamini and Hochberg False Discovery Rate. Real time RT-PCR and
immunoblot data were analyzed by t-test or by analysis of variance followed by Newman-
Keuls post hoc test when a significant F was found (GraphPad Prism 4, GraphPad Software,
San Diego, CA).

Extent of atherosclerotic plaques was used to stratify arterial gene expression data for
analysis into the reference group with no or minimal lesions, and groups with medium or
large atherosclerotic plaques as described above.. This analysis identified a list of probes for
which expression in arteries with atherosclerotic plaques was significantly different from
expression in the reference group arteries with p values less than 0.05. Of those
differentially expressed genes, probes that represented transcribed sequences with no name
and no known function were excluded from further analysis, as were genes for which the
expression values were less than 1.0, and those for which the fold expression values were
between 0.5-fold and 2-fold of the control values. The list of 986 genes that fulfilled all
criteria for further analysis is shown in Supplemental Table 1 (see Table, Supplemental
Digital Content 1, http://links.lww.com/MENO/AS5). The differentially expressed genes
were sorted into 30 gene ontologies based on function (Table 1). Relative to the reference
arteries, gene expression levels within the atherosclerotic plaque-containing arteries were
significantly higher in 84% of the genes and significantly lower in 16% of the genes. Genes
chosen for follow-up by immunaoblot or real time RT-PCR reflect the wide range of
functional categories that exhibited differential expression in the presence of atherosclerotic
plaque. Apolipoprotein E expression showed the greatest increase with a 152-fold higher
expression in arteries with large plaque compared to the reference arteries (Figure 1A).
Increased expression of Apo E gene in arteries with large atherosclerotic plagues was
confirmed by immunoblot of Apo E protein (Figure 1B, C).

Nine differentially expressed genes in atherosclerotic arteries compared to reference arteries
were confirmed by real time RT-PCR studies. All 9 of the genes tested by real time RT-PCR
validated the microarray data. The gene with the greatest reduction in arteries with large
plaque size was the tight junction molecule, claudin 11, with 0.1-fold of reference group
expression. Reduced expression of claudin 11 was confirmed by real time RT-PCR (Figure
2 A, B). Expression of another gene involved in cell adhesion, BH protocadherin 7
(PCDHY), was also lower in the presence of atherosclerotic plaque (Figure 2 C, D). Reduced
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expression of estrogen receptor 1 (ESR1) was demonstrated by DNA microarray and by real
time RT-PCR (Figure 2 E, F). In contrast, higher expression of superoxide dismutase 2
(SOD2) (Figure 2 G, H), phospholipase A2 group I1A (PLA21IA) (Figure 3 A, B), and
phospholipase A2 group VII (PLA2VII) (Figure 3 C, D), growth differentiation factor 15
(GDF15, also called macrophage inhibitory cytokine-1) (Figure 3 E, F), SET domain,
bifurcated 2 (SETBD2) (Figure 3 G, H), and ring finger protein 149 (RNF149) (Figure 3 1,
J) were all demonstrated by DNA microarray and confirmed with real time RT-PCR analysis
of gene expression.

The data set for these DNA microarrays, including all genes that were excluded from the
current analysis, has been deposited in the National Center for Biotechnology Information
Gene Expression Omnibus (GEO; www.ncbi.nlm.nih.gov/geo) as recommended by
Minimum Information About a Microarray Experiment (MIAME) standards® and can be
accessed through GEO Series accession number GSE26326. The validity and reproducibility
of these microarrays has been reported previously.23

Discussion

The most important finding of this study is the profound effect of the presence and extent of
atherosclerosis on gene expression in the common iliac artery of ovariectomized female
monkeys. Expression levels of a great number of genes were markedly different in the
atherosclerotic arteries and the fold differences in gene expression relative to the reference
group were large. The data presented here confirm and extend the findings of previous DNA
microarray studies of atherosclerosis*~13, especially in regard to the elevated expression of
growth factors, cytokines, chemokines and other inflammatory molecules. A variety of
factors may contribute to the altered gene expression profiles in these arterial samples.
Normal arteries are composed largely of vascular smooth muscle cells, with a smaller
contribution from endothelial cells, fibroblasts, and relatively minor populations of
monocyte-macrophages and transient immune cell subsets. During early atherogenesis,
hyperlipidemia and other stimuli promote the expression of pro-inflammatory molecules
which attract monocyte macrophages to bind to the endothelium and migrate into the arterial
intima. During the progression of atherosclerosis these cells can accumulate, along with
other cell types such as T cells and B cells as well as others. Vascular smooth muscle cell
proliferation may be stimulated and a general pro-inflammatory environment within the
lesion may become self-perpetuating.39-31 Thus, the arterial gene expression patterns reflect
the cell populations present at the time of collection, along with any differential regulation
which occurs within specific cell types in response to the cellular and physical environment
of the artery. Expression patterns are also influenced by systemic factors such as hormones
(e.g., steroids, insulin), plasma lipids, proteins, glucose, oxygen tension, blood pressure, and
others, all of which may impart pressures on cellular physiology within the atherosclerotic
plaque and surrounding artery. Our own work has demonstrated that gene expression levels
of cell markers can be used to estimate cell populations within the arterial wall, and that
transcript levels for a variety of inflammatory molecules are highly correlated with
atherosclerosis in these arteries. 1718

These studies used an important model of the postmenopausal state, the ovariectomized
cynomolgus monkey.15:16 Cardiovascular disease continues to be the leading cause of death
in women, especially after the menopause. Thus, these data are relevant to the
postmenopausal condition and identify mechanisms by which the presence of atherosclerosis
may cause arterial damage.

The results of several previous studies with the cynomolgus monkey model gave rise to the
so-called “timing hypothesis” regarding the cardiovascular risks and benefits of
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postmenopausal estrogen therapy. The first finding was that if estrogen replacement was
begun at the time of ovariectomy and the initiation of the atherogenic diet, the monkeys
were relatively protected against coronary artery atherosclerosis: whereas, in monkeys not
given estrogen therapy until two years later (equivalent to 6 patient years) there was no
coronary artery atherosclerosis protection.32 The second finding was that postmenopausal
monkeys subjected to a baseline iliac biopsy and subsequently given estrogen replacement
for 3 years varied in their therapeutic benefit depending on the extent of baseline
atherosclerosis. Estrogen replacement was highly effective in inhibiting atherosclerosis
progression only in those monkeys in the lowest tertile of plaque extent (p=0.0001);
whereas, among those monkeys in the tertile with the largest plaques, estrogen treatment did
not inhibit atherosclerosis progression (p=0.71).32 Thus, estradiol appears to have a
protective effect in normal or minimally affected arteries, but is not protective, and may
have adverse effects, in arteries that have already developed atherosclerotic plaques.34:35
The effect of atherosclerosis on gene expression may be responsible, at least in part, for
these contrasting estrogen effects. We interpret the current data to suggest that the presence
of atherosclerotic plague in an artery results in the synthesis of factors that may interfere
with the ability of estradiol, or other vascular factors, to carry out their normal protective
functions. Moreover, the interaction of estradiol with atherosclerosis-associated factors may
be responsible for the deleterious effects of estrogen that have been observed.343% In
addition to the synthesis of factors that may interfere with the signaling of estradiol at its
receptor, these data confirm our previous work demonstrating that there is an inverse
relationship between atherosclerosis and arterial expression levels of estrogen receptor alpha
(ERa, product of the ESR1 gene)17:18:36 corroborating previous findings of diminished ER
immunoreactivity in atherosclerotic plaques.3” The ability of estrogen to act via its receptor
may therefore be reduced in the presence of atherosclerotic plaque. Moreover, the data show
that cytochrome P450 27A1 (CYP27A1) was up-regulated in vessels containing
atherosclerotic lesions. CYP27A1 converts cholesterol to 27-hydroxycholesterol which may
act as an endogenous selective estrogen receptor modulator in blood vessels and inhibit the
protective effects of estrogen in the vasculature.38 Lastly, the pro-inflammatory environment
of the atherosclerotic plague may lead to interference of ERa transactivating capability due
to transcription factor cross-talk interference from high levels of activated NF«B.18:39 Thus,
the presence of atherosclerotic plaque provides multiple mechanisms that may interfere with
the mechanisms of action of estradiol in the arteries. It is likely that the presence of
atherosclerosis interferes with other factors that regulate gene expression in the arteries in a
similar fashion to that proposed here for estrogen.

The functions of many of the proteins encoded by genes that are increased in atherosclerotic
arteries appear to be tissue protective. For example, superoxide dismutase 2 and glutathione
peroxidase protect against oxidation of proteins.#0 In fact, all 18 genes in the ontology of
oxidation/reduction were up-regulated, suggesting a compensatory response to
overproduction of reactive oxygen species in the atherosclerotic lesion.*! ApoE stimulates
efflux of cholesterol from macrophages, among other protective effects.2 Cytochrome P450
1A1 (CYP1AL, 13.4-fold) was also expressed at higher levels in atherosclerotic arteries.
CYP1A1 metabolizes estradiol to 2-hydroxyestradiol, which is then methylated to 2-
methoxyestradiol by catechol-O-methyltransferase. This metabolite of estradiol has been
reported to exhibit cardiovascular protective effects that are independent of the estrogen
receptor?3 and to reduce the formation of atherosclerotic lesions in the APOE-deficient
mouse.** Thus the up-regulation of CYP1A1 may represent another potentially
compensatory response to atherosclerosis. While it is likely that many of the differentially
expressed genes in an atherosclerotic plaque reflect the damage occurring in the plaque
tissue, these data also suggest that the tissue maintains mechanisms which may limit further
damage. Using this experimental design, it is not possible to determine whether the
differentially expressed genes that we observed are causally linked to atherosclerosis or
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whether they are a consequence of the condition. However, the tissue protective nature of
many of these genes suggest that their regulation is a result rather than a cause of
atherosclerosis.

As expected, the gene ontology of immune system/inflammation was prominently placed
among the differentially expressed genes. Three genes from this ontology were chosen for
follow-up by real time RT-PCR. Phospholipases A2 (PLA2) group 1A and group VIl are
secretory phospholipases implicated in atherogenesis.#>46 PLA2 group VI (also known as
lipoprotein-associated PLA?2 and as platelet activating factor acetylhydrolase) is an
important risk factor and marker of atherosclerosis*’*48 and its inhibition reduces the
development of atherosclerosis.49 Growth differentiation factor 15 (alias macrophage
inhibitory cytokine-1) is also associated with inflammation %0 and with atherosclerosis.5!

Disruption of cell-cell interactions through dysregulation of cell-cell junction and adhesion
molecules, as well as via proteases, has been implicated in the development of
atherosclerosis.>233 In the current study, many genes in the ontologies of cell adhesion and
proteases/protease regulators were differentially expressed. Reduced expression of the tight
junction molecule, claudin 11, and of the adhesion molecule, BH protocadherin 7, was
shown by both microarray and real time RT-PCR. Though the mechanism is unclear, data
suggest that cell-cell adhesion inhibits vascular cell smooth muscle proliferation in
development of atherosclerosis.>2

Another set of related gene ontologies in which substantial changes in gene expression were
observed in this study were the categories of transcriptional activators, transcriptional
corepressors, and nucleic acids regulation. Changes in the expression of genes in these
ontologies will alter cellular responses to other upstream regulators of gene expression such
as cytokines, hormones, and growth factors and the signal transduction pathways that they
regulate. One gene from this category, SET domain, bifurcated 2 (SETDBZ2) was chosen for
follow-up by real time RT-PCR. SETDB?2 is a histone H3 methyltransferase and may
modulate gene expression epigenetically via this mechanism.>*

Differential expression of genes in the ubiquitin system gene ontology reflects the potential
role of protein quality control in atherosclerosis.?® Of the 27 genes in this ontology, 25 were
up-regulated. Up-regulation of ring finger protein 149, an E3 ubiquitin ligase, was
confirmed by real time RT-PCR.

Summary and Conclusions

These data indicate that the presence of atherosclerotic plaque profoundly alters the gene
expression environment of the artery in which it is located, reflecting both the complexity of
the cellular environment present in atherosclerotic lesions as well as the array of local and
systemic influences on cellular activity in atherosclerotic arteries. Some of these factors may
be causative of atherosclerotic plaque, whereas others may be the result of its presence.
Some of the differentially expressed genes may represent compensatory responses of the
cells to the presence of plaque, whereas others are likely to represent decompensatory
changes. Further work will be required to sort out the components contributing to cause and
effect of gene expression in atherosclerosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Expression of apolipoprotein E (apo E) gene and protein in cynomolgus monkey iliac
arteries stratified by plaque size. A: Apo E gene expression from DNA microarray data of
iliac arteries containing small/absent (reference group), medium, or large atherosclerotic
plaque. B and C: Apo E protein expression from immunoblot of iliac arteries containing
small/absent (reference group) vs. large atherosclerotic plaque. Sizes of atherosclerotic
plaque in the iliac arteries used for immunoblot analysis were mean plaque size 0.010 mm?,
range 0-0.041 mm? for the small/absent (reference) group, and mean plaque size 0.757
mm?2, range 0.521-0.996 mm? for the large group. B illustrates densitometry data of
immunoblot analysis of apo E normalized to B-actin expression in monkey iliac arteries,
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mean + SEM, n=4 paired samples. C shows a representative immunoblot of apo E and the

loading control, B-actin. Lanes 1 and 3 contain protein from arteries with small (reference
group) atherosclerotic lesions. Lanes 2 and 4 contain protein from arteries with large lesions.
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Figure 2.

Differential expression of claudin 11 (SOD2) (A, B), BH protocadherin 7 (PCDH7) (C, D),
estrogen receptor 1 (ESR1) (E, F), and superoxide dismutase 2 (SOD2) (G, H) in the iliac
arteries of cynomolgus monkeys on a high fat diet stratified by size of atherosclerotic
lesions. Panels A, C, E, G: Differential gene expression from DNA microarray. The size of
small (reference group) lesions was 0-0.113 mm? (n=4), medium lesions were 0.30-0.542
mm? (n=5), and large lesions were 0.61-1.003 mm?2 (n=3). Panels B, D, F, H: Data from real
time RT-PCR. Data are expressed as the mean + SEM. Statistical analysis utilized ANOVA
followed by Newman-Keuls post hoc test (microarray data) or Student’s t-test (RT-PCR
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data). Bars with different letter superscripts denote that the data for those groups are
significantly different from each other, p<0.05.
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Differential expression of phospholipase A2, group 1A (PLA21IA) (A, B), phospholipase
A2 group VII (PLA2VII) (C, D), growth differentiation factor 15 (GDF15) (E, F), SET
domain, bifurcated 2 (SETDB2) (G, H), and ring finger 149 (RNF149) (1, J) in the iliac

arteries of cynomolgus monkeys on a high fat diet stratified by size of atherosclerotic

lesions. Panels A, C, E, G, I: Differential gene expression from DNA microarray analysis.
The size of small (reference group) lesions was 0-0.113 mm? (n=4), medium lesions were
0.30-0.542 mm? (n=5), and large lesions were 0.61-1.003 mm? (n=3). Panels B, D, F, H, J:
Data from real time RT-PCR analysis. Statistical analysis utilized ANOVA followed by
Newman-Keuls post hoc test (microarray data) or Student’s t-test (RT-PCR data). Data are
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expressed as the mean + SEM. Bars with different letter superscripts denote that the data for
those groups are significantly different from each other, p<0.05.
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Gene ontologies of differentially expressed genes in the monkey common iliac arteries in the presence of no or

small atherosclerotic lesions (reference arteries), medium sized lesions, or large lesions.

Gene ontology
Signal Transduction
Defense and immunity
Catalytic/metabolism
Lipid Metabolism
Transcriptional regulators
Activators (47)
Corepressors (13)
Nucleic acid regulation
Cytoskeleton
Receptors
Proteases and protease regulators
Channels/transporters
Cancer related
Ubiquitin system
Lysosomal
Cell fate
Unknown function
Vesicle trafficking
Oxidation-reduction
Adhesion
Extracellular matrix
Cell cycle related
Development
Adaptor proteins
Growth factors
Translation
Chaperonins
Selenium related
Metal metabolism

Angiogenesis

Number of genes
159

92

86

62

60

60
60
52

44
29
27
25
25
22
21
18
18
18
17
11
10

S~ A O O O
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