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Abstract

Rationale—Ox-PAPC accumulates in atherosclerotic lesions, is pro-atherogenic, and influences
the expression of over 1000 genes in endothelial cells.

Objective—To elucidate the major pathways involved in Ox-PAPC action, we conducted a
systems analysis of endothelial cell gene expression after exposure to Ox-PAPC.

Methods and Results—We used the variable responses of primary endothelial cells from 149
individuals exposed to Ox-PAPC to construct a network consisting of 11 groups of genes or
modules. Modules were enriched for a broad range of GO pathways, some of which have not been
previously identified as major Ox-PAPC targets. Further validating our method of network
construction, modules were consistent with relationships established by cell biology studies of Ox-
PAPC effects on endothelial cells. This network provides novel hypotheses about molecular
interactions, as well as candidate molecular regulators of inflammation and atherosclerosis. We
validate several hypotheses based on network connections and genomic association. Our network
analysis predicted that the hub gene CHAC1 was regulated by the ATF4 arm of the unfolded
protein response pathway and here we showed that ATF4 directly activates an element in the
CHAC1 promoter. We show that variation in basal levels of HMOX1 contribute to the response to
Ox-PAPC, consistent with its position as a hub in our network. We also identified GPR39 as a
regulator of HMOX1 levels and showed that it modulates the promoter activity of HMOX1. We
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further showed that OKL38/OSGNL1, the hub gene in the blue module, is a key regulator of both
inflammatory and anti-inflammatory molecules.

Conclusions—Our systems genetics approach has provided a broad view of the pathways
involved in the response of endothelial cells to Ox-PAPC and also identified novel regulatory
mechanisms.
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Introduction

Elevated levels of circulating low density lipoprotein (LDL) result in the retention of LDL in
the vessel wall, where the LDL undergoes aggregation and oxidative modification?.
Oxidized LDL has inflammatory activities that are strongly regulated by oxidized
phospholipids? 3 that have been shown to be present in human and mouse atherosclerotic
lesions where inflammation is increased® and in apoptotic cells, a component of
atherosclerotic lesions3. Plasma levels of specific phospholipid oxidation products of
palmitoyl-arachidonyl-phosphatidylcholine (Ox-PAPC), reacting with the antibody EOS,
have been shown to be prognostic for the development of atherosclerosis®.

Global gene expression studies of the responses of ECs to Ox-PAPC have shown that
hundreds of genes are affected and that the affected genes show little overlap with those of
classic innate immunity responses such as NFxB activation® or other characterized
inflammatory pathways. PEIPC and POVPC components of Ox-PAPC have been shown to
mimic most of the effects of Ox-PAPC. Several inflammatory functions regulated by Ox-
PAPC have been described including induction of a number of pro-inflammatory cytokines,
inhibition of LPS action, induction of heme oxygenase 1 (HMOX1)2 3, the activation of the
sterol biosynthetic pathway, procoagulant pathways and the unfolded protein response
pathway. Some of the functions of Ox-PAPC are anti-inflammatory while others are pro-
inflammatory. Although aspects of the receptor regulation and signaling mechanisms of Ox-
PAPC have been described, it is important to obtain an integrated view of the Ox-PAPC
network in order to effectively target the induced pathways.

We reported previously that ECs from different strains of mice® or from different heart
transplant donors’ showed striking differences in the responses to Ox-PAPC in part due to
genetic variation. In this study, to globally define the relationships among the molecules that
respond to Ox-PAPC treatment in ECs, a systems genetics approach was employed.
Systems-based approaches attempt to examine biologic processes more broadly than
traditional reductionist approaches, which focus on individual genes or pathways. They
often employ high-throughput technologies such as expression arrays that generate genome-
wide data. Data are then examined using statistical and modeling methods, such as biologic
networks in which the components of the systems are represented as “nodes' and their
interactions as “edges'. In “systems genetics', natural variations are used to perturb this
system to allow modeling of the interactions. A fundamental concept of systems biology is
that the whole is greater than the sum of the parts, and that by examining the system as a
whole, intrinsic novel properties may be identified that could not be derived linearly from
the additive effects of the individual components.

For our studies, we took advantage of naturally-occurring gene expression variation in the
human population. Global gene expression levels in early passage EC cultures from 149
different heart transplant donors were examined with and without treatment with Ox-PAPC
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for 4 hours. An unbiased co-expression algorithm that models a scale-free gene network of
the most responsive genes identified 11 modules of highly correlated genes that were
enriched for a diverse array of novel functions. Analysis of this network revealed previously
unknown effects of Ox-PAPC, most prominently an inhibition of cell division. Genes not
previously known to be major regulators of Ox-PAPC action were identified as hub genes in
modules and new aspects of their regulation are reported. Follow-up validation studies
focused on HMOX1, a known regulator of inflammation and a highly connected gene in one
of the modules. Greater basal HMOX1 expression was associated with reduced responses of
inflammatory genes to Ox-PAPC. A combination of network and GWAS studies revealed a
regulatory role of G-protein-coupled receptor 39 (GPR39) in HMOX1 expression, which
was confirmed by knock-down studies. Using promoter-reporter constructs for HMOX1, we
further showed that GPR39 controls the transcription of HMOX1 through a particular
promoter region. We also examined other network-based hypotheses. For example, we
showed that ATF4 directly regulates the expression of CHAC1, as predicted by the network
model, and identified a specific regulatory element. Based on the network analysis, we
identified OKL38/OSGINL1 as the major hub gene in the blue module and in subsequent
studies determined that this gene regulates both basal and Ox-PAPC induced levels of
important inflammatory and anti-inflammatory genes. The elucidation of the Ox-PAPC
network and the discovery of novel pathways induced by Ox-PAPC in ECs by this network
will be useful for formulating hypotheses for investigating the role of oxidized
phospholipids in atherosclerosis.

Cell Culture and Treatments

158 HAEC cultures were isolated from aortic explants of 149 unique heart transplant donors
in the UCLA transplant program and grown to confluence in 100mm dishes as previously
described®. 9 of these cultures were duplicates (Supplemental Methods). We have previously
validated our method of endothelial cell isolation on multiple cultures. We demonstrated that
greater than 95% of the cells were Factor 8 positive and took up dil-acetyl LDL8. In more
recent studies we have demonstrated in multiple EC preparations that greater than 95% of
the cells were PECAM positive (data not shown). At 90% — 100% confluence, cells were
treated in duplicate with either M199 media (Mediatech) containing 1% FBS (Hyclone), or
additionally with 40 ug/ml Ox-PAPC. For PEIPC experiments, treatment media contained
either 5 ug/ml PEIPC or 50 pug/ml Ox-PAPC. Production of Ox-PAPC and synthesis of
PEIPC have been described®: 10, We previously determined that the level of Ox-PAPC in the
vessel wall of hypercholesterolemic rabbits is approximately 10x the concentration used in
these studies'?, mMRNA was harvested after 4 hours of treatment.

Gene Expression Profiling

Cytoplasmic RNA was hybridized to Affymetrix HT-HU133A microarrays as described
previously12. 629 arrays were used to quantify gene expression, corresponding to 158
cultures and 149 unique donors (Supplemental Methods). Intensity values were normalized
with robust multi-array average (RMA) normalization method as previously described!2.
For the PEIPC experiment, Illumina HumanRef-8v2 microarrays were used according to
manufacturers protocol and data was normalized in Bead Studio (Illumina) with the “rank
invariant' method. Array data is available in GEO accessions GSE20060 and GSE301609.

Network Construction and Visualization

Duplicate expression measurements were averaged per condition and per donor. The 2000
most Ox-PAPC regulated genes were identified by comparing the untreated and Ox-PAPC
treated values across the population with a paired t-test. The 2000 most Ox-PAPC regulated
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genes corresponded to those with t-test p-values < 1.0e-28. 2000 transcripts were used so
that the network would be inclusive of the most significant genes that were differentially
expressed in response to Ox-PAPC, yet small enough to be visualized. Average transcript
measurements for the 2000 transcripts in both conditions, untreated and treated with Ox-
PAPC, were used in network construction. The pair-wise adjacency matrix between genes
was used to determine “topological overlap' between gene pairs!® 14, The topological
overlap matrix was raised to the power of 12 to emphasize the difference between transcripts
with many connections and transcripts with few connections. The topological overlap matrix
was used to identify “modules' of highly co-expressed genes and the clustering dendogram
of the topological overlap matrix was cut with the “dynamic hybrid' method to define
modules!®. 11 modules were identified and arbitrarily named by colors. The “grey module’
contained the genes with dissimilar expression patterns and was not considered a true
module. All of these analyses were performed in R using the Weighted Gene Co-expression
Network Analysis (WGCNA) package®®. Network visualization was performed in
Cytoscape v2.6.316. For details of the network visualizations refer to Supplemental

Methods.

Genotyping and Association Analysis

Genomic DNA was isolated from HAECs using the DNeasy kit with RNase treatment
(Qiagen). For HMOX1 microsatellite genotyping, a FAM-labeled PCR product was
generated using the primers 5' GAG CCT GCA GCT TCT CAG AT 3'and 5' ACA GCT
GAT GCC CAC TTT CT 3'. Microsatellite alleles were then classified as “short' (<29
repeats) or “long' (=29 repeats). SNP Genotypes were acquired as previously described!?
(Supplemental Methods). The 147 unique donors with complete gene expression and
genotyping data were used in association analysis. Genotype-gene expression associations
(ie. eQTL) were tested using linear regression with the —linear' option in PLINK 1.417.

RT-qPCR, Western Blotting, and siRNA Knock-down

gRT-PCR was performed using the Roche LightCycler 480 (Roche Diagnostics,
Indianapolis, IN). siRNA experiments were performed as previously described’8. siRNAs
used in this study were HMOX1 siRNA#1 (Qiagen cat# S100033089), HMOX1 siRNA#2
(Qiagen cat# SI00033096), GPR39 siRNA#1 (Qiagen cat# SI00430416), GPR39 siRNA#2
(Qiagen cat# S100430423), GRID1 siRNA#1 (Qiagen cat# S100430836), and GRID1
SiRNA#2 (Qiagen cat# SI00430843). OKL38 siRNAs were (Qiagen SI 00665182,
S166500196).

Heme Oxygenase Activity Assay and Protein Quantification

Heme oxygenase activity was measured by bilirubin generation as previously described!?
(Supplemental Methods).

Luciferase Constructs and Assays

Results

The CHACL1 promoter and deletion constructs were generated with PCR from a fosmid
(Bacpac clone# G248P8704A5) and cloned into pGL3Basic (Promega). The HMOX1
luciferase constructs were described previously (—4.5 kb = pHOGL3/4.520 and —9.4 kb =
pHOGL3/9.421).

Network Modeling Identifies Modules of Tightly Co-expressed Genes

We sought to obtain a systems-level view of the responses of endothelial cells to Ox-PAPC
in order to provide a framework for mechanistic studies. To achieve this, primary cultured
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human aortic endothelial cells (HAECs, or the “system') were exposed for 4 hours to either
control medium or medium containing Ox-PAPC (40 pg/ml) and transcript levels of the Ox-
PAPC responsive genes (the “elements' of the system) were quantified using global
expression arrays. This time period was chosen based on previous time-course experiments
to permit detection of a robust yet early response. The HAEC cultures obtained in this study
were not patients but heart transplant donors whose hearts were deemed healthy enough for
transplant by the transplant surgeons prior to tissue collection. All clinical information,
including age and sex, remained anonymous in this study (sex was independently
determined from the X chromosome genotypes). However, the average age of the donors in
the transplant program is known to be about 25 years. Clinical phenotypes such as use of
medications and hormonal status were not known. Since most cells were used at passages 4—
7, most acute drug and hormonal effects would likely be lost by this passage. Of about
19,000 genes analyzed, the 2,000 transcripts most affected by Ox-PAPC (paired t-test values
<1e-28) across the population (see below) were used for network analysis.

Since Ox-PAPC is a mixture of several oxidation products of PAPC, we tested whether the
Ox-PAPC response in HAECs was similar to that observed after treatment with the most
potent single phospholipid component of Ox-PAPC: 1-palmitoyl-2-(5,6)-epoxyisoprostane
E,-sn-glycero-3-phosphocholine (PEIPC)®. HAECs from a single donor were treated with 5
ug/ml PEIPC or 50 pug/ml Ox-PAPC. Gene expression arrays quantified the gene expression
levels at baseline and after treatment, and the fold change values were calculated for each
transcript. A highly conserved response was observed between Ox-PAPC and PEIPC (p-
value < 2e-16). Furthermore, the average fold change for the 2000 genes from 149 donors
used to construct the network was highly correlated with the fold change in these same
genes by PEIPC in the donor tested (p-value < 2e-16, Online Figure 1). These data
demonstrate that PEIPC has a very similar effect to Ox-PAPC.

To model an unbiased co-expression network, we took advantage of naturally-occurring
variations in the human population that perturbed individual gene expression patterns with
and without Ox-PAPC treatment. We have previously shown that the transcriptomic
responses to Ox-PAPC are determined largely by genetic factors!2. A co-expression network
algorithm, WGNCAZ5, based on “topological overlap' of gene expression both with and
without Ox-PAPC treatment was used to construct the network. Topological overlap is a
metric of similarity reflecting the relationship strength between gene pairs. It depends on the
correlation between genes, as well as shared correlations with other genes. The network was
visualized using Cytoscape softwarel6 (Figure 1A). In concordance with other biologic
networks, our co-expression network was modeled to exhibit a scale-free structure so that
few genes had many connections and most genes had few connections?2 23,

Genes were grouped into color-coded modules based on similarity in patterns of expression
across the sample population. The network of endothelial genes most significantly induced
by Ox-PAPC consisted of 11 modules of tightly connected genes (Figure 1 and Online
Figures 11-XI1). A full list of the transcripts included in the network analysis, arranged by
modules in order of highest to lowest connectivity, are included in Online Table I. Multiple
probe set IDs for the same gene on the HT-HG133A array were treated as independent
transcripts, which is why more than one node may appear in a module with the same gene
symbol. This approach was taken so that alternative transcripts would be maintained in the
network.

Co-Expressed Modules Are Enriched For Functional Pathways

Co-expression is evidence for co-regulation and suggests involvement in similar cellular
functions. To examine whether genes in a given module were in the same pathway we tested
for enrichment of each module based on Gene Ontology categories. Several modules
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exhibited enrichment for pathway ontologies (Table 1). These included novel as well as
previously reported pathways that are affected by Ox-PAPC treatment. A particularly
striking, novel observation was seen in the turquoise module that was highly enriched for the
cell cycle genes that were down-regulated after 4 hours of Ox-PAPC treatment (Figure 1B
and Online Figure 111). Another enriched pathway in the turquoise module not previously
implicated in the response of ECs to Ox-PAPC treatment was nucleobase, nucleoside,
nucleotide and nucleic acid metabolism. Other modules/pathways not previously observed
included endocytosis enriched in the black module (Online Figure X) and golgi organization
in the brown module (Online Figure VII).

Molecular interactions determined by the network revealed novel relationships in previously
reported Ox-PAPC-responsive pathways such as the UPR. The genes in the UPR pathway
segregated into two modules, the purple and blue, which corresponded to the X-box binding
protein 1 (XBP1) (Online Figure IV) and activating transcription factor 4 ATF4 (Figure 2)
arms of the UPR, respectively. Clustering of the first principal components of the gene
expression in each module showed that the blue and purple modules were most similar to
each other relative to all other modules in the network, suggesting that these two modules
share functional characteristics and capture biological regulatory mechanisms (Online
Figure XIII).

Enrichment for sulfur amino acid metabolic processes and glutamine family amino acid
metabolic processes in the blue module (Table 1) is consistent with the evidence that
treatment of endothelial cells with Ox-PAPC increases oxidative stress?4. In particular,
enrichment for sulfhydryl proteins in the blue module supports the novel mechanistic
hypothesis that covalent interaction of certain Ox-PAPC compounds with free sulfhydryl
groups trigger the Ox-PAPC response. PEIPC has been show to covalently bind to
proteins2®. Our studies suggest that the allylic epoxide group on PEIPC, which readily binds
sulfhydryls, is most likely the major active site on this molecule®. Furthermore, we
identified modules representing pathways previously reported as regulated by Ox-PAPC
including regulation of actin filament polymerization in the green module (Online Figure
V1), and elevation of cytosolic calcium ion concentration in the red module (Online Figure
VI1I1) indicating the ability of co-expression network modeling to provide novel as well as
established relationships in the response of ECs to Ox-PAPC (Table 1, Figure 1B).
Knowledge of the components and connectivity of these genes will be useful in identifying
signal transduction pathways regulating these processes.

Hub Genes Are Likely To Be Key Regulators

In addition to large-scale functional enrichments, our network analysis identifies hub genes
that are potentially important regulators of major pathways activated in response to Ox-
PAPC. One such gene is OKL38/OSGINL1 that was the most connected gene in the blue
module (Figure 2). This gene was previously identified by us as a redox gene regulated by
Ox-PAPC but its pivotal role was not recognized?®. Supporting the hypothesis that OKL38
plays a key role, we have identified a number of inflammatory and anti-inflammatory genes
regulated by OKL38 in knock-down studies (Online Figure X1V). Two OKL38 siRNAs
were used that achieved ~50% of OKL38 transcript levels (data not shown). We
demonstrated that knock-down of OKL38 increased both basal and Ox-PAPC induced levels
of IL-8, ATF4 and KLF4, all molecules previously associated with the endothelial cell
inflammatory responses®: /. This is the expected result if the expression levels of these genes
are controlled by increased oxidative stress and OKL38 protects against oxidative stress. In
addition we observed that knock-down of OKL38 dramatically increased both basal and Ox-
PAPC induced levels of HMOX1 suggesting a close relationship between the levels of these
two molecules. Two other members of the blue module showed no effect of OKL38 knock-
down (data not shown).
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Genes at GWAS Loci for Coronary Artery Disease Are Regulated By Ox-PAPC, Exhibit
Regulation of Gene Expression, and Are In The HAEC Network

Next we performed systems genetics analyses with the goal of elucidating the disease genes
and pathways of atherosclerosis. To this end, we integrated results from a recent
comprehensive GWAS analysis of coronary artery disease (CAD) with our endothelial
systems data in two ways. First, we queried genes residing under GWAS peaks and their
local neighborhoods for regulation by Ox-PAPC in our HAEC co-expression network.
Secondly, we identified genes whose expression exhibited regulation by the peak GWAS
SNPs.

We employed CAD GWAS loci identified by H. Schunkert and colleagues?” using 22,233
cases and 64,762 controls with additional genotyping for peak loci in 56,682 additional
individuals. For our analysis, we began with 31 genes under 25 association peaks that were
measured in our HAEC population (Online Table I1). 5 genes (LDLR, NT5C2, SH2B3,
UBE2Z, and COL4A1) were regulated by Ox-PAPC by at least an average of 1.1-fold
across the HAEC population (p-values < 1e-21). 4 of these genes were included in the
HAEC network and resided in the blue (LDLR and UBE2Z), green (NT5C2), and brown
(SH2B3) modules (Online Table I1). To explore the network neighborhoods we identified
the transcripts most connected to these genes in our network and visualized these as "GWAS
gene-centered sub-networks' of the overall network. An example is shown for NT5C2 in
Online Figure XV. Taken together, these data provide evidence that LDLR, UBE2Z, NT5C2
and possibly COL4A1 are not only positional candidates for CAD, but that these genes may
play a role in disease based on regulation by Ox-PAPC and their connectivities to other Ox-
PAPC regulated genes. LDLR is already known to play a major role in CAD, and serves as
further evidence that regulation by Ox-PAPC is a valid approach for defining CAD genes.

To achieve our second systems genetics aim, we identified transcripts whose expression at
baseline, after Ox-PAPC treatment, or whose Ox-PAPC fold induction exhibited regulation,
and thus expression Quantitative Trait Loci (eQTL), at peak GWAS SNPs. In other words,
we searched for genes whose expression may be the causal intermediate between genetic
variation and CAD. Of the 16 GWAS SNPs genotyped in the HAEC data, 4 harbored an
eQTL (p-value < 1e-6) (Online Table I1). 3 of these loci regulated expression traits that were
distal/trans to the GWAS locus. However, rs11556924 on chromosome 7g32.2 significantly
(p-value = 7.8e-9) regulated baseline expression of KLHDC10 (kelch domain containing 10)
that is located within the locus. These data prioritize KLHDC10 for further investigation as a
causal gene at the 7932.2 locus for CAD.

Validation of Causal Interactions: CHACL1 is Directly Regulated by ATF4

We previously identified the CHACL gene as a target of the unfolded protein response
(UPR) based on its position as a hub gene in a module enriched for UPR genes’: 28, CHAC1
is induced in response to UPR activators such as thapsigargin and siRNA knock-down of
several UPR genes, including ATF4, ATF3, and CHOP reduced CHAC1 induction?8.
CHACL1 is highly conserved, from bacteria to mammals but, prior to these studies, its
function had not been established. Subsequently, we have shown that it has a key role in
apoptosis (data not shown); therefore, the precise mechanism of its regulation is of
considerable interest.

Our network modeling revealed that ATF4 and CHAC1 were connected by a particularly
strong edge and that they had many shared neighbors (genes with shared edges) (Figure 2).
This suggested that ATF4 might directly regulate the expression of the CHAC1 gene. To
address this question, we constructed a series of promoter constructs coupled to luciferase
and tested them for activity following transfection of 293 cells (Figure 3). Co-transfection of
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ATF4 robustly induced the expression of the CHAC1 promoter, and this required an ATF/
CREB element at —267 of the promoter (Figure 3). Additionally, ATF4 co-transfection was
sufficient to activate CHACI transcription in sequential internal promoter-reporter deletion
constructs, where the —267 ATF/CREB site remained intact (Figure 3), and scrambling the
—267 ATF/CREB site was sufficient to block the ATF4 effect on CHAC1 promoter
induction (data not shown). Importantly, plasmid over-expression of ATF3, spliced XBP1 or
CHOP (data not shown) did not affect CHAC1 promoter activity. These data highlight the
ATF4 interaction with CHACL via an ATF/CREB site as the major determinant of CHAC1
regulation. Additionally, these data indicate that ATF3 and CHOP do not directly activate
the CHAC1 promoter. This demonstrates the power of the network modeling to highlight
functional gene interactions and provide important information on complex signaling
networks that can be further refined using directed strategies.

In addition to wide-scale functional enrichments, the network recovers several known
interactions. For example, in the blue module the UPR transcription factor ATF4 was tightly
coupled to its known targets, including ASNS2®, TRIB330 and VEGFAS3! (Figure 2). In
addition NRF2/NFE2L2 clustered in the blue module with several of its known target genes,
including NQO132, GCLM32, and TXRD133 (Figure 2).

Heme Oxygenase 1 (HMOX1), A Gene Previously Implicated in Protection Against
Atherosclerosis, Affects Many Genes In the Network and Suppresses the Response of
Inflammatory Genes to Ox-PAPC

Among the many hypotheses of gene-gene interactions generated by the network, we
focused on the role of HMOX134 and its regulation to illustrate the applications of the
network model. We focused on this gene based upon the importance of HMOX1 in
animal3>-32 and human9-42 studies. HMOX1 itself is a “hub' located in the blue module
(Figure 2) along with a number of genes previously identified as responsive to Ox-PAPC,
including NAD(P)H dehydrogenase quinone 1 (NQO1)24, nuclear factor erythroid-derived
2-like 2 (NRF2/NFE2L2)32, ATF418, vascular endothelial growth factor A (VEGFA)*3, and
low density lipoprotein receptor (LDLR)*4.

There was marked baseline variation among 149 EC donors as a 9-fold difference was
observed between extremes of HMOX1 basal expression (Figure 4A). In contrast, only 2-
fold difference among donors was observed in HMOX1 transcript levels in cells treated with
Ox-PAPC. Taken together, these data suggest that there is a ceiling to the expression of
HMOX1 in EC in this model system. We verified that HMOX1 mRNA induction was
closely reflected at the levels of protein and heme oxygenase enzymatic activity in HAECs
and in HeLa cells (Online Figure XV1). These data confirm that HMOX1 mRNA expression
was a suitable means for evaluating HMOX1 activity, and support the hypothesis that
variation in its basal activity significantly impacts the Ox-PAPC response.

These findings led us to hypothesize that basal levels of the enzyme would protect against
the effects of Ox-PAPC. To model a causal relationship whereby basal HMOX1 levels
would influence the induction of genes by Ox-PAPC we calculated the correlations between
HMOX1 basal levels and the levels of genes in various pathways after treatment with Ox-
PAPC. Many of the key molecules that coordinate the aforementioned endothelial responses
were strongly negatively correlated to baseline HMOX1 expression, including the adhesion
molecule VCAML1 (p=3.0e-3), genes regulated by the UPR including VEGFA (p < 1.0e-10),
ATF3 (p=5.0e-8), and the inflammatory cytokine IL6 (p=1.4e-6) (Figure 4B-E). When we
examined the distribution of HMOX1 correlated genes in the overall network we found that
HMOX1 correlated genes were dispersed among all of the modules in the network (Figure
5A). These data support the hypothesis that basal HMOX1 modulates the Ox-PAPC
response of genes from a diverse set of pathways. Whereas most genes were negatively
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correlated to basal HMOX1 (meaning greater basal HMOX1 corresponded to less Ox-PAPC
treated levels of the other transcript), exceptions were predominantly found in the red
module (Figure 5A, Online Table I11). Such positively correlated genes included VTI1B (R
=0.55, p = 7.6e-15), ZMAT3 (R = 0.52, p = 5.6e-13), SOX4 (R = 0.50, p = 8.2e-12), CERK
(R=0.48, p = 3.3e-11), and SESN1 (R = 0.48, p = 6.0e-11). Unlike other genes in the red
module, these molecules are not implicated in calcium signaling and have not been grouped
together in a Gene Ontology category.

Based upon the importance of HMOX1 in animal35-3% 4547 and human studies*®-50 and the
observation that basal HMOX1 levels were more variable than post Ox-PAPC-treatment, we
hypothesized that greater baseline HMOX1 levels would be protective against exposure to
Ox-PAPC. To test this we correlated individual HMOX1 basal levels with the degree to
which each individual responded to Ox-PAPC. The number of genes regulated above a
given threshold per individual was defined as responsiveness to Ox-PAPC. Baseline
HMOX1 expression was highly correlated with individual responsiveness at thresholds
above 2-fold, and most significantly at the 7.5-fold threshold (R=—0.57) Taken together,
these data strongly support the hypothesis that HMOX1 plays a critical role in mitigating
multiple cellular responses to Ox-PAPC.

To directly test the role of HMOX1 levels on target gene expression, the HMOX1 transcript
was silenced using two different SiRNAs to 10-15% baseline values (Figure 5B). The
expression of the pro-inflammatory cytokines IL1p, IL6, and MCP1 was found to be more
highly induced after HMOX1 knock-down compared to the control (Figure 5C). Further, the
cholesterol regulatory genes LDLR and INSIG1 were also more highly induced in response
to Ox-PAPC as a result of HMOX1 knock-down, suggesting that sterol regulation may be
dependent on HMOX1 (Figure 5C).

Regulation of HMOX1 Expression by Nuclear Factor (Erythroid-Derived 2)-Like 2 (NRF2)

In an effort to discover how basal HMOX1 transcript was regulated, we examined the
relationship between HMOX1 and NRF2 that was also in the blue module. NRF2 has been
shown to activate HMOXZ1 transcription upon translocation to the nucleus and binding to
ARE elements in the HMOX1 promoter®L, In the absence of Ox-PAPC treatment, NRF2 and
HMOX1 were negatively correlated across the 149 donors (R = —0.3, p = 7.2e-5), meaning
that greater NRF2 expression corresponded to less HMOX1 expression (Online Figure
XVIIA). Surprisingly, correlations between NRF2 and HMOX1 were not significant after
exposure to Ox-PAPC and no significant correlation existed between untreated NRF2 levels
and treated HMOX1 levels (Online Figure XV1IB-C). These data were consistent with the
studies demonstrating a role of other transcription factors regulating HMOX1 induction and
the cell type dependent regulation by NRF2°2, However, NRF2 levels were highly
correlated, at baseline and after Ox-PAPC treatment, with other known target antioxidant
molecules including NAD(P)H dehydrogenase quinone 1 (NQO1), CCAAT/enhancer-
binding protein beta (CEBPB), glutamate-cysteine ligase modifier subunit (GCLM),
thioredoxin reductase 1 (TXNRD1), as well as glutathione- and glucuronyl- transferases
(GSTK1 and B3GATS3) (Online Figure XVI111). These observations confirmed that
expression data from our sample population were able to recover known molecular
relationships, and confirmed the role of NRF2 in oxidant gene regulation. Nonetheless, these
data demonstrate that NRF2 levels could explain only a small portion of HMOX1 basal
variation. These results suggest that mechanisms other than NRF2 modulate basal HMOX1
levels.
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HMOX1 Expression Does Not Exhibit Robust Local Genetic Regulation

We investigated the possibility of basal HMOX1 transcript regulation by a HMOX1
promoter microsatellite polymorphism. This dinucleotide GT expansion has been associated
with various inflammatory diseases, including CAD, in several populations (reviewed in*).
In these studies, longer alleles of the (GT) repeat were associated with disease. The
mechanism by which longer alleles convey risk has been suggested to occur through the
altered expression of HMOX140. Most convincing was the recent report by Taha et.al. who
showed that short microsatellite alleles produced more HMOX1 than long alleles, and that
short alleles were protective against oxidative stress in human umbilical vein endothelial
cells (HUVEC)*2. To test for differences in HMOX1 expression as a function of promoter
alleles in HAECs, we genotyped the (GT),, promoter microsatellite and associated the
dichotomized genotypes (short alleles < 29 (GT) repeats and long alleles > 29 (GT) repeats
in concordance with previous studies*!) to HMOX1 expression levels. HMOX1 expression
at baseline was associated to the microsatellite polymorphism in the whole population (n =
149, p = 1.9e-3) and in males (n = 113, p = 1.9¢e-3) but not in females (n=36, p = 0.533)
(Online Figure XIX, top row). Where significant, HMOX1 expression was greater in
individuals with more (GT) repeats. The fold change of HMOX1 induction was significant
in the whole population (p = 2.4e-3) and in males (p = 2.0e-3) (Online Figure XIX, bottom
row). In the case of HMOX1 fold change upon treatment with Ox-PAPC, individuals with
longer alleles displayed lesser fold change values. These results contradict the previous
findings, which suggested that short alleles would produce more HMOX142,

Next, we examined SNPs located in or near HMOX1 to test for additional local-regulatory
variation. 62 SNPs were genotyped with minor allele frequency (MAF) greater than 5% that
were within 100kb of the HMOX1 transcriptional start site on chromosome 22. Of these
SNPs, the most significant association with the basal levels of HMOX1 was for rs5995385
(p = 9.0e-3, MAF = 0.39), downstream of HMOX1. After correcting for the multiple SNPs
tested in the local region, this association became insignificant, suggesting that no local-
SNPs significantly regulated HMOX1 basal expression.

Since we did not observe robust regulation of HMOX1 mRNA expression by local- genetic
variation we hypothesized that variation at the HMOX1 locus may perturb HMOX1 function
by other means. In particular, we focused on rs2071747, which is a missense mutation in the
seventh amino acid of HMOX1 and converts an aspartic acid residue to histidine. Although
this SNP was not genotyped in our population, it was in perfect linkage disequilibrium (R2 =
1, D' =1) in the HapMap CEPH population with the HMOXZ1 intronic SNP rs5995097 that
was genotyped in our population. We did not detect a significant effect of this
polymorphism on HMOX1 protein localization, as determined by immunohistochemistry, or
on HMOX1 enzymatic activity (data not shown). Taken together, these data suggest that
HMOX1 was not strongly regulated by local- variants.

Distal Regulation of HMOX1 by GPR39

Using genome-wide association, we next tested whether distal- DNA variants associated to
HMOX1 expression. Of the 718,374 SNPs that were polymorphic with MAF greater than
5%, 3 showed association to HMOX1 with a p-value < 1e-5 (Online Table 1V). Each of
these distally- associated SNPs were located within gene introns and suggested that the
distally-located genes regulated the expression levels of HMOXZ1. The three genes were G-
protein-coupled receptor 39 (GPR39), hypothetical protein LOC283521, and glutamate
receptor, ionotropic, delta 1 (GRID1). We tested whether GPR39 and GRID1 exhibited
regulation of HMOX1 basal levels using siRNA-mediated gene knock-down by two
independent siRNA molecules (Figure 6A). GRID1 exhibited significant silencing, but no
effect was observed in HMOX1 expression. However, GPR39, which was silenced to 10-
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20% of control levels, demonstrated consistent regulation of HMOXZ1. As predicted from the
association data, GPR39 reduced the baseline expression of HMOX1 in all three donors
tested by about 50% (Figure 6B). We performed linear regression for HMOX1 basal
expression levels after correcting for GPR39 genotypes (rs12618338) to explore whether
additional loci perturbed HMOX1 independently of GPR39. After multiple test correction
no SNPs exhibited significant association to HMOX1 expression.

To further examine the mechanism by which GPR39 regulates HMOX1, we utilized two
previously studied HMOX1 promoter-reporter constructs??: 21 (kindly provided by Dr.
Anupam Agarwal, University of Alabama, Birmingham) (Figure 6C). Attempts to study
HMOX1 regulation with these constructs directly in EC were unsuccessful primarily due to
low transfection efficiencies and, therefore, we utilized HeLa cells that also express GPR39.
Luciferase activity decreased upon GPR39 knock-down for both the —4.5kb (~75%
reduction) and —9.4kb (~50% reduction) HMOX1 luciferase constructs. The fact that
suppression was observed for both constructs, but was more pronounced for the —4.5 kb
construct, suggests that GPR39 positively regulates HMOX1 expression by modulating
transcription factor binding in the —4.5kb promoter region of the HMOX1 promoter (Figure
6D).

Discussion

It is clear that oxidized phospholipids significantly influence the expression of well over
1,000 genes in HAECs': 12, While biochemical studies have revealed a number of important
mechanisms underlying this response, the overall pathways involved are poorly understood.
We have employed a systems genetics approach to model a biologic network, in which
common, naturally-occurring variations in the human population perturb responses to
oxidized phospholipids. The approach integrates aspects of systems biology, in particular,
network modeling, and genome-wide association. This resulting systems level view
emphasizes the diverse effects of oxidized phospholipids and it provides the basis for many
hypotheses relating to molecular interactions and genetic regulatory mechanisms.

The co-expression network we generated is a simplified model of the molecular interactions
involved in responses to Ox-PAPC at the transcript level. In this model, genes are
represented as nodes and the transcript correlations across genetic perturbations as edges.
We assume that the connections identified result from shared regulatory mechanisms,
implying related functions. Of course, the model is incomplete and should be considered
hypothesis generating. Our efforts in the current study were focused on the 2000 most
regulated genes by Ox-PAPC to 1) define relationships and generate hypotheses likely to be
most important to Ox-PAPC action, 2) to simplify the network for visualization purposes,
and 3) reduce computational time required for analyses. One caveat of our network is that,
by focusing on only 2000 transcripts, this network would not be able to capture relationships
among all transcripts measured in the cell. Likewise, our network would not capture post-
transcriptional relationships. To demonstrate the predictive power of the model, and to
elucidate molecular mechanisms of clinical interest, we explored several hypotheses using
experimental perturbation and genetic association. In addition to the several known
pathways reflected in this network, we observed novel interactions between GPR39 and
HMOX1, between ATF4 and CHAC1, and between OKL38 and redox genes. These are
discussed below.

The gene co-expression network consisted of the genes most affected by Ox-PAPC in 149
donors and defines the relationship between genes and pathways. The network, consisting of
11 modules of highly connected genes (Figure 1, Online Figures 11-XI1), was constructed
from transcripts quantified with and without Ox-PAPC treatment. The modules were
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enriched for pathways previously described for the action of Ox-PAPC, and others that have
not been identified previously. The fact that our network was constructed with a large
number of individuals, each likely contributing thousands of genetic variations that
perturbed the responses to Ox-PAPC, enabled modeling of fine-grained gene relationships
within and between modules. Since the precise connections are sometimes difficult to
visualize in the figures, we have included the top 10 most connected genes, their connection
strength, and the corresponding modules for all 2000 genes input for network construction.
This file is in Cytoscape network format6 so that the relationships may be easily visualized
for genes of interest (Online Table V).

We previously reported a network analysis of Ox-PAPC treated EC using a small number of
donors’. The present network, consisting of a much larger number of individuals, enabled
modeling of significantly improved relationships. For example, known relationships among
UPR genes were more accurately capitulated in the present study. In addition, important
candidate genes, not previously identified as UPR genes, are suggested by their strong
connectivity in this module. The striking enrichment for Gene Ontology categories observed
in the network supports the hypothesis that co-expressed genes share functional significance
(Table 1). Furthermore, known biological relationships were identified in modules of our
network.

The co-expression network approach allows the formulation of three different kinds of
hypotheses. First, it is possible to infer likely functions of genes whose functions are
unknown if they are highly connected to genes with known functions. We have previously
used this approach to show that CHACZ1, a highly conserved protein whose function was
previously unknown, plays a role in the UPR28. We now identify a specific interaction
(ATF4-CHACY) based on our network analysis. Similarly, it can be hypothesized that genes
in the turquoise module are likely to have a role in cell cycling, that genes in the purple
module are likely to be members of the UPR, and so on. Second, the network modeling can
provide information about novel mechanistic interactions between the genes. For example,
the result that certain anti-oxidant genes, such as NRF2 and HMOXZ1, are tightly connected
with numerous UPR genes in the blue module, provides evidence of interactions between
these molecules, and recent studies support this possibility®8-, Similarly, we have now
implicated OKL38 in redox functions in the blue module. Importantly, we have identified
OKL38 as an important regulator of HMOX1. In this study we have shown that the basal
levels of HMOX1 varied considerably in our group of 149 donors; however, HMOX1 levels
induced by Ox-PAPC were very similar for all donors (Figure 4A). We have now
demonstrated that knockdown of OKL38 increased the Ox-PAPC induced levels of HMOX1
by 3-fold (Online Figure XIV). This suggests that OKL38 and HMOX1 have an important
combined relationship in redox regulation. Third, network modeling, when performed as a
function of genetic variation, allows the formulation of hypotheses concerning genetic
regulatory mechanisms. An example of this is the regulation of HMOX1 by GPR39,
discussed below.

In this report, we have focused on hypotheses relating to HMOXZ1. Our laboratories as well
as those of others have implicated HMOX1 in protection against

atherosclerosis3® 36. 38,53, 54 jschemia/reperfusion injury3?: 9, and restenosis?: 56. 57 |n
humans, a variable (GT), dinucleotide repeat in the HMOX1 promoter has been associated
with EC function®2, as well as clinical diseases including pulmonary disease, cardiovascular
disease, renal transplantation, and idiopathic miscarriage (refer to Table 1 in ref4! for
specific citations). Our data did not replicate previous reports that protective microsatellite
alleles produced more HMOX1 mRNA. This discrepancy could be a cell type difference
between HUVECs and HAECs. Since HMOX1 basal levels varied ~9-fold among EC
donors, whereas treated levels varied ~2-fold (Figure 4A), we hypothesized that variable
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responses to Ox-PAPC for highly induced gene expression traits would predominantly be
determined by baseline levels.

When we analyzed how baseline HMOX1 variation affected the network we found that the
expression of many pro-inflammatory genes in several modules was inversely correlated
with HMOX1 expression (Figures 4B-E, 5A), with the notable exception of genes in the red
module, which were positively correlated with basal HMOX1 levels (Figure 5A, Table 2).
Furthermore, baseline expression differences in HMOX1 significantly predicted individual
responsiveness to Ox-PAPC (R= —0.57), such that greater HMOXZ1 protected against
induction of endothelial transcripts by Ox-PAPC. To experimentally test the role of HMOX1
in our network we silenced HMOX1 with siRNA and observed that pro-inflammatory
molecules were affected (Figure 5B,C). A more detailed study of donors exhibiting either
extremely high or low basal HMOX1 levels (as demonstrated in Figure 4A) would be an
attractive strategy for identifying molecular regulators of HMOX1 but such a study would
require additional samples to be collected. In addition, failure to identify HMOX1 local-/cis-
regulatory elements may be a power issue. However, undetected variants would likely have
small effect sizes. This is supported by our recent identification of over 1000 cis-regulatory
elements of high significance in our previous study of only 96 donors2. It should also be
noted that since the HAEC:s in this study were grown to confluence using culture conditions
in vitro it is likely that the data collected in this study would not fully recapitulate the in vivo
gene expression profiles of HAECs.

To test for genetic trans-regulation of HMOX1 basal levels, we carried out GWAS and
identified three loci with suggestive p-values. The peak SNP at one of the loci occurred
within the GPR39 locus on human chromosome 2. To test the possible relationship of
GPR39 with HMOX1 expression, we used siRNA knock-down with two separate GPR39
siRNAs in HAECs from three different individuals. In all cases, GPR39 knock-down
resulted in a substantial (approximately 40%) decrease in HMOX1 expression as compared
to scrambled controls (Figure 6). In contrast to GPR39, siRNA experiments for GRID1 at
the chromosome 10 locus were negative (data not shown). To further examine the
mechanism by which GPR39 regulates HMOX1, we performed promoter-reporter studies.
These indicated that GPR39 regulates HMOX1 expression by interaction with elements in
the proximal 4.5 kb upstream region of HMOX1, although the precise site of interaction is
unclear.

GPR39 is a G-Protein coupled receptor related to the Ghrelin/neurotensin receptor sub-
family. Knockout mice are viable and have been characterized by increased body weight and
altered intestinal function. This receptor is constitutively active in a number of cell types and
its activity has been shown to be increased by zinc in some cell types. The constitutive
activity is mediated by Gaq which stimulates CRE mediated transcription, and Ga12/13
which stimulates SRE mediated transcription (reviewed in8). We hypothesize that GPR39
regulates the HMOX1 promoter due to the activation of CRE, which most likely lies within
the 4.5KB promoter region. In neurons GPR39 overexpression protected against cell death,
oxidative stress and ER stress®. The latter results are consistent with a role of GPR39 in
activating expression of HMOX1.

Although it has been clear for two decades that atherosclerosis is an inflammatory disease,
the underlying mechanisms responsible for the inflammation remain poorly understood.
GWAS studies performed for atherosclerosis have been successful in identifying only a very
small fraction of the genetic component27-:60, Analysis of functional genetic variations
identified through systems genetics approaches, such as that affecting GPR39, should
complement the larger population studies that directly examine links to clinical disease. The
Ox-PAPC network serves as an additional resource for integration with conventional GWAS
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studies to elucidate gene interactions and regulatory relationships that can be tested in
mechanistic studies.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What is known?

e Atherosclerosis is a chronic inflammatory disease. The mechanisms underlying
the initiation and propagation of inflammation remain poorly understood.

e Accumulating evidence suggests that oxidized phospholipids derived from
lipoproteins entrapped in the vessel wall activate endothelial cells and are
responsible in part for the initiation of inflammation.

e Invitro studies with cultured endothelial cells from different donors have shown
that oxidized phospholipids influence the expression of hundreds of genes that
regulate inflammation in a donor-specific manner.

What new information does this article contribute?

e We used a systems biology approach utilizing endothelial gene expression from
150 donors and identified 11 groups of functionally related genes that played an
important role in the response to oxidized phospholipids. We also identified key
regulators of each group.

¢ Heme oxygenase 1 (HMOX1), which showed 9 fold variation in transcript
levels among donors, was identified as a key regulator of one of these groups of
inflammatory genes.

¢ A nucleotide polymorphism in G-protein coupled receptor 39 (GPR39) was
shown to associate with the levels of HMOX1 and inflammatory genes; this was
confirmed by biochemical studies.
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Summary

We have previously demonstrated that hundreds of endothelial genes are affected by
oxidized phospholipids and that this response differs among humans. This may explain
the variation in susceptibility to atherosclerosis among individuals. In this study, we have
utilized network modeling to obtain a global understanding of the processes underlying
the inflammatory responses in endothelial cell cultures from 150 human donors. We
grouped the genes that exhibited similar changes, in response to oxidized phospholipids,
into 11 modules that showed dramatic enrichment for known biological pathways. An
important aspect of such network modeling is that it allows one to see “the forest for the
trees.” Within each module, likely interactions between individual genes were predicted.
This allowed us to identify critical genes, such as OKL38, as novel regulators of the
endothelial response to oxidized phospholipids. Also, HMOX1 was shown to be highly
connected to genes in the inflammatory and unfolded protein response groups. In a
complementary genetics approach, we mapped the expression levels of selected genes to
genomic loci, providing novel regulatory information. This systems-based approach to
inflammatory responses has particular significance for the understanding of the complex
genetic and environmental interactions contributing to common forms of atherosclerosis.
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Figure 1. Visualization and Functional Enrichment of the HAEC Gene Co-Expression Network
In the whole network, 2000 transcripts were organized into 11 modules. The number of
module transcripts were: black (93), blue (299), brown (292), green (205), greenyellow (40),
magenta (78), pink (82), purple (52), red (158), turquoise (373), yellow (270). The grey
module had 58 genes but was not considered a real module. For ease of visualization, the
1090 most connected network transcripts (topological overlap scores > 0.9035) are shown.
Circles (nodes) represent genes and lines (edges) represent topological overlap (similar to
correlation) between transcript pairs. A. Genes are arranged by topological overlap, so that
small distances indicate high correlation and node colors indicate module membership. B.
Module membership is indicated by the node outline color and functional enrichment is
illustrated by the node fill color. Transcripts belonging to the cell cycle pathway are shaded
in green, while ER stress genes (translational initiation, response to unfolded protein,
response to ER stress, and protein folding) are shaded in blue. Nodes were arranged
manually in B according to module membership.
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Figure 2. The Blue Module
Transcripts (nodes) are shaded by the degree of intra-modular connectivity, where red is the

most connected (i.e. “hubs"). Lines connecting the transcripts ("edges') signify co-expression.
This is a simplified view of the blue module. Refer to Online Figure Il for a more thorough

representation.

Circ Res. Author manuscript; available in PMC 2012 August 19.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Romanoski et al.

A. 30 200  -100

+1

Page 23

somaral —JemvBgal
- ATF4
A ATF3

o (I sXBP1

NFY1
100Y-ATG
100X-ATG

100-ATG

99-ATG

° 1 20 30 P 50
Luciferase activity (normalized)

Ko9-100z 1 ::"T';fw
ATF3
(D sXBP1

K99-NFY2 [T
K99-NFY1 P
K99-100Y s

K99-100X P

H— O
& & SN
o FLE <R
& T <
G
A
B. 300 200 100
- J—"
T N 00
- 0
40—
- H—
C0—Co—0—0-0—0
P A <X
& & o A
\% \g
Qg‘f’ & Y;(‘oovy"«
%

K99-100 [Fm

K99C-ATG [
o 1o 20 o “
Luciferase activity (normalized)

Figure 3. ATF4 directs CHACL1 promoter activity

A. Luciferase expression from sequential CHAC1 promoter-reporter constructs is shown, as
normalized to CMV-renilla, and co-transfected with plasmids expressing pGal, ATF4, ATF3
or sXBP1. B. Shown are luciferase expression results from CHAC1 promoter-reporter
constructs containing a major CREB/ATF site and sequential internal deletions that were co
-transfected with bGal, ATF4, ATF3 and sXBP1 expression plasmids.
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A. Gene expression intensity (y-axis, log, scale) is shown for the HMOX1 transcript at
baseline (solid black circles) and after treatment with Ox-PAPC (open red circles) in the
HAEC population. 149 donors are ranked along the x-axis according to baseline expression.
B-E. Basal HMOX1 levels are plotted on the x-axes against the Ox-PAPC treated levels of
VCAM1 (B), VEGFA (C), ATF3 (D), and IL6 (E) on the y-axes. R and p-values result from

Pearson Correlation. The data shown in 4A is an expansion of data from 96 donors

published previously in the same manner (ref 12).
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Figure 5. Regulation by HMOX1 in the Network

A. Node border color signifies module membership and the fill indicates whether the Ox-
PAPC treated expression level of a gene was correlated with HMOX1 basal levels (red is
negative and green is positive correlation). siRNA-mediated knock-down of HMOX1 is
shown for two siRNAs with the scrambled control in B. The fold changes of IL1b, IL6,
MCP1, LDLR and INSIG1 were normalized to the fold changes measured in the scrambled
control in C. mMRNA was measured by RT-gPCR and averages + s.d are shown. Asterisks
indicate p-values less than 0.05.
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Figure 6. GPR39 Regulates Basal and Ox-PAPC treated Levels of HMOX1
Two siRNAs were used against GPR39 and compared to the scrambled control in A. The
baseline values of HMOX1 expression after GPR39 knock-down are shown in B. Results
from luciferase HMOX1 promoter constructs (C) are shown in D for control (scrambled)
and two GPR39 siRNA knock-downs. Luciferase activity was normalized to CMV-renilla.

Plotted are averages * s.d.
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Table 1

Gene Ontology Enrichments in Modules of the HAEC Gene Co-Expression Network

Module GO ID Enrichment p-value GO Term
black G0:0006897 7.8e-04 endocytosis
blue G0:0000096 1.4e-08 sulfur amino acid metabolic process
blue G0:0009064 6.2e-06 glutamine family amino acid metabolic process
blue G0:0045444 6.3e-05 fat cell differentiation
blue G0:0032273 8.6e-05 positive regulation of protein polymerization
brown G0:0044419 3.4e-11 interspecies interaction between organisms
brown G0:0007030 9.8e-06 golgi organization
green G0:0006509 3.3e-06 membrane protein ectodomain proteolysis
green G0:0030833 6.0e-05 regulation of actin filament polymerization
greenyellow  GO0:0016477 1.5e-03 cell migration
magenta G0:0045736 2.0e-04 negative regulation of cyclin-dependent protein kinase activity
pink G0:0048598 1.9e-04 embryonic morphogenesis
purple G0:0006457 4.3e-12 protein folding
purple G0:0006986 1.9e-08 response to unfolded protein
red G0:0007204 2.9e-08 elevation of cytosolic calcium ion concentration
turquoise G0:0006139 1.5e-23 nucleobase, nucleoside, nucleotide and nucleic acid metabolic process
turquoise G0:0010467 9.5e-23 gene expression
turquoise G0:0042254 1.1e-12 ribosome biogenesis
turquoise G0:0031577 7.0e-10 spindle checkpoint
turquoise G0:0051436 3.6e-06 negative regulation of ubiquitin-protein ligase activity during mitotic cell cycle
turquoise G0:0000077 2.3e-05 DNA damage checkpoint
turquoise G0:0006268 2.7e-05 DNA unwinding during replication
turquoise G0:0007093 3.4e-05 mitotic cell cycle checkpoint
turquoise G0:0006281 4.5e-05 DNA repair
turquoise G0:0006261 8.3e-05 DNA-dependent DNA replication
turquoise G0:0009262 8.5e-05 deoxyribonucleotide metabolic process
turquoise G0:0006284 9.2e-05 base-excision repair
turquoise G0:0006298 9.2e-05 mismatch repair
yellow G0:0007165 3.2e-10 signal transduction
yellow G0:0016070 3.2e-07 RNA metabolic process
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Table 2

Greater HMOX1 Baseline Values Prevented The Induction Of Key Molecules In Ox-PAPC Induced Pathways
Of Interest

Gene R p Pathway

ATF3 -0.40 5.01le-08 UPR/ER homeostasis

CEBPB -0.41  2.74e-08 UPR/ER homeostasis

CHAC1 -0.37  6.90e-07 UPR/ER homeostasis

SLC7A11  —-0.36  1.23e-06 UPR/ER homeostasis

TRIB3 —0.343  7.28e-06 UPR/ER homeostasis

SLC2A3 -0.26  5.62e-04 UPR/ER homeostasis

VEGFA —0.47  1.58e-10 angiogensis/UPR
IL6 -0.36  1.37e-06  proinflammatory cytokine
L8 —0.28  2.41e-04  proinflammatory cytokine
LDLR —0.25  1.05e-03 sterol homeostasis
E2F1 -0.33  1.63e-05 cell cycle
HMOX1 0.39 2.38e-07 redox
TXN —0.34 6.01e-06 redox
VCAM1 —0.22  3.31e-03 adhesion molecule
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