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Introduction
Inflammation is a complex cascade of  adaptive cellular responses to injurious stimuli, which occurs 
in many cardiovascular diseases (1). Vascular inflammation is manifested in several ways, including 
enhanced expression of  endothelial cell (EC) adhesion molecules, inflammatory cell recruitment, 
cytokine release, and impaired nitric oxide (NO) bioactivity (2, 3). Physiologically, endogenous gluco-
corticoids (GC, corticosterone in rodents and cortisol in humans) exert a permissive role in suppress-
ing local and systemic inflammation. Administration of  exogenous GC, such as hydrocortisone and 
dexamethasone (DEX), are widely used to suppress inflammation, although the mechanisms through 
which they act are not entirely clear (4). Administration of  exogenous GCs as antiinflammatory agents 
provides systemic ligand to all cells expressing the glucocorticoid receptor (GR). Under these condi-
tions, the particular role of  a tissue-specific GR in resolving inflammation cannot be examined nor can 
the role of  the endogenous ligand, cortisol. Additionally, side effects from systemic GC are common 
and can be severe, to the point of  rendering them intolerable and therefore ineffective for vascular 
inflammatory disorders (5).

Previously, we have shown that endothelial GR is a negative regulator of  vascular inflammation 
in models of  sepsis (6) and atherosclerosis (7). In the latter case, mice lacking endothelial GR bred 
onto an ApoE-KO background developed more severe atherosclerotic lesions when fed a high-fat diet 
(HFD) compared with controls (7). Of  note, the increase in lesion size and complexity could not be 
explained by changes in circulating lipids and is remarkable because it suggests that circulating cortisol 
via binding to endothelial GR is vasculoprotective. Mechanistically, we elucidate a unique GR DNA 
landscape by performing GR-specific ChIP followed by next-generation sequencing in primary ECs 
that directly associates GR activation with antiinflammatory pathways in the vascular endothelium. 
Importantly, endothelial GR represses a number of  genes critical for the regulation of  Wnt signaling 
pathway. This pathway is independent from that of  NF-κB, a classic target for GR, (8, 9) and therefore 
highlights the permissive effects of  cortisol in physiologically relevant states.

Vascular inflammation is present in many cardiovascular diseases, and exogenous glucocorticoids 
have traditionally been used as a therapy to suppress inflammation. However, recent data have 
shown that endogenous glucocorticoids, acting through the endothelial glucocorticoid receptor, 
act as negative regulators of inflammation. Here, we performed ChIP for the glucocorticoid 
receptor, followed by next-generation sequencing in mouse endothelial cells to investigate how 
the endothelial glucocorticoid receptor regulates vascular inflammation. We identified a role of the 
Wnt signaling pathway in this setting and show that loss of the endothelial glucocorticoid receptor 
results in upregulation of Wnt signaling both in vitro and in vivo using our validated mouse model. 
Furthermore, we demonstrate glucocorticoid receptor regulation of a key gene in the Wnt pathway, 
Frzb, via a glucocorticoid response element gleaned from our genomic data. These results suggest a 
role for endothelial Wnt signaling modulation in states of vascular inflammation.
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Results
Genome-wide GR DNA binding in ECs. To begin to understand the mechanisms by which GR regulates EC 
functions, we performed ChIP sequencing (ChIP-seq) for GR in primary mouse lung ECs (MLECs) using 
a commercially available, ChIP-quality GR antibody. Six conditions were submitted for GR ChIP-seq anal-
ysis as follows: (a) control siRNA–treated cells, (b) GR siRNA–treated cells, (c) control siRNA treated 
with DEX 100 nM for 1 hour, (d) GR siRNA treated with DEX 100 nM for 1 hour, (e) IgG control, and 
(f) whole cell input. The duration of  DEX treatment was replicated from a previous ChIP study (10), and 
knockdown of  GR using this siRNA is greater than 80% (6). The control siRNA DEX–treated sample was 
treated as the “control” sample, reflecting agonist activation of  GR. Control siRNA samples were 2.63% 
enriched in GR elements, which is within the expected range of  1%–7% for ChIP experiments (11); after 
treatment with GR siRNA, enrichment was reduced to 0.02%, confirming excellent knockdown via siRNA 
and high specificity of  the GR ChIP antibody.

Normalization of  peaks to each 1,000,000 bp reads resulted in the distribution shown in Figure 1A. 
There were approximately 35,000 GR-enriched peaks overall. As expected, the “control” sample in which 
GR was activated by DEX shows the greatest number of  GR-enriched peaks, approximately 7-fold higher 
than the other conditions. The residual smaller peak present in the GR siRNA DEX–treated cells is approx-
imately 5-fold less than the DEX GR replete conditions but approximately 2-fold higher than the other 
conditions. This was anticipated since this GR siRNA knockdown is not 100% (6). The other 4 conditions 
tested are completely overlapping and represent background.

Analysis of  the top 10,000 DEX-stimulated, GR-enriched peaks shows very tight localization around 
the nearest transcriptional start site (TSS, Figure 1B). Further refinement of  the subset of  peaks within 1000 
bp of  TSS resulted in the identification of  3 clusters of  genes. Cluster 2, which was the largest group, had 
no discernible pattern of  binding over the interval examined. Cluster 1 showed enriched binding slightly 
upstream of  the TSS, and cluster 3 showed enriched binding at TSS (Figure 1C).

Peaks were also analyzed to determine the breakdown of  the GR binding location based on genomic 
region. As shown in Figure 1D, the vast majority (87%) of  GR-enriched peaks are in introns, with about 7% 
binding to promoter-TSS or TSS regions. Further analysis revealed that 97% of  intronic GR-enriched peaks 
are found in protein-coding genes, while 84% of  TSS GR sites map to protein coding genes. If  intronic GR 
peaks are restricted to those within 5 kb of  the TSS, there are 59 genes with GR binding upstream of  the 
TSS and 361 genes with GR binding downstream of  the TSS.

The analysis was further refined to examine the top 1000 peaks in more detail. First, peak binding sites 
were characterized by location, as shown in Figure 1E. Using motif  detection algorithms, these 1000 peaks 
were queried for any plausible motifs by inputting the classic 6-bp palindromic GRE (5′ - AGAACAnn-
nTGTTCT - 3′, where n can be any base) (12) as a seed sequence, as well as searched for de novo motifs. 
Ninety genes (Supplemental Table 1; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.131384DS1) resulted when searching by the classic GRE, and 81 genes resulted 
that contained a de novo motif  (Supplemental Table 2). Cross-referencing both lists resulted in 65 genes 
(Supplemental Table 3) that possessed both motifs (Figure 1F). We suspected that peaks having both motifs 
may be enriched in certain regulatory elements or have other common features. When the peak binding 
location for these 65 genes was mapped, the vast majority were either intergenic or intronic (Figure 1G). 
Using the ENCODE ChIP-seq Significance Tool and the mm10 reference genome, the top 10 enriched 
ENCODE transcription factors within ± 500 bp of  the TSS/5′ end were identified for this list of  65 genes 
(Supplemental Table 4). Interestingly, these genes were noted to have ChIP peak binding sites ranging from 
–272 kb to + 400 kb from the TSS.

To assess if  genes with ChIP peak binding sites closer to TSS had a similar TF profile, the top 1000 
peaks for those binding within ± 1 kb from the TSS were also interrogated. This resulted in 29 genes 
(Supplemental Table 5) with the peak binding locations shown in Figure 2A. Each of  these peaks and the 
surrounding ± 5 kb region were examined in detail in the ENCODE database. As shown in Figure 2B, 
transcription factor (TF) binding sites were abundant in these genes, regardless of  whether the ChIP-seq 
binding occurred in the promoter-TSS or in another region. Notably, the 7 most abundant TFs detected 
have all been shown to interact with nuclear receptors (13–18), except for max1, though it is a binding 
partner of  myc (19). Additionally, Myc, BLHLE40, max, and TCF12 are members of  the basic-helix-loop-
helix (bHLH) family of  nuclear receptor coactivators (20). Interestingly, when these genes were catego-
rized according to how many regulatory elements (TF binding sites, enhancers, open chromatin), they had 
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within ± 5 kb of  the ChIP-seq binding site, the majority had either none or only 1 (Figure 2C). This list of  
29 genes was again queried by using the ENCODE ChIP-seq Significance Tool and the mm10 reference 
genome for TF within ± 500 bp of  the TSS/5′ end. The results, shown in Supplemental Table 6, are very 
similar to those of  the 65 genes with widely dispersed ChIP-seq binding peaks, suggesting that EC-GR 
binding is likely influenced by spatially distant regulatory elements.

Characterization of  gene expression changes by RNA-seq. To further understand if, and how, the GR bind-
ing patterns discovered by ChIP-seq influenced gene expression, RNA-seq was performed using the same 
experimental groups as for the ChIP-seq analysis in MLECs, except cells were treated with DEX for 18 
hours to allow adequate time for transcriptional responses. As a result of  the fact that 4 groups were being 
compared (control siRNA, control siRNA + DEX, GR siRNA, and GR siRNA + DEX), there were over 
143,000 independent fold-change calculations. These data were further restricted to those comparisons that 
had both a significant P value and a significant Q value, resulting in a more manageable list of  902 compar-
isons. From this group, 231 genes were DEX responsive and 203 genes were differentially regulated by GR. 
Of  the genes regulated by GR, 111 genes were downregulated in the absence of  GR (i.e., induced by GR 
at baseline) (Supplemental Table 7) and 92 genes were upregulated in the absence of  GR (i.e., repressed by 
GR at baseline) (Supplemental Table 8).

Comparison of  GR ChIP-seq in ECs s to GR ChIP-seq in A549 cancer cells. To investigate which pathways 
were most enriched in our data set, Gene Ontology (GO) was used to analyze the top 1000 peaks from our 
data and those available in ENCODE from a GR ChIP-seq experiment performed in A549 cells (10). Sup-
plemental Figure 1 represents the pie charts from both data sets, showing proportionally similar enrichment 
in 4 main pathways of  interest: (a) Wnt signaling, (b) inflammation by chemokine/cytokine, (c) cadherin 
signaling, and (d) angiogenesis, suggesting a similar pattern of  GR-responsive genes in these 2 cell types.

Independent in vitro and in vivo validation of  selected genes identified by GR ChIP-seq. Given that the FDR (Q 
value) may be > 0.05 when dealing with such a large data set, we pursued primer-specific validation of gene tar-
gets. Using several genes from each of the 4 pathways of interest, a custom quantitative PCR (qPCR) plate was 
generated to independently assess expression of these genes in MLECs. Cells were treated with either control 
or GR siRNA, and levels of gene expression were assessed by qPCR. As shown in Figure 3A, 4 of the 5 genes 
selected from the Wnt signaling pathway were highly upregulated in the absence of GR. Several genes in the 3 
other pathways were also induced by the absence of GR (Supplemental Figure 2, A–C). In our previous study, 
we demonstrated that ApoE/endothelial GR double KO mice (DKO) developed more severe atherosclerosis 
and increased inflammation when fed a HFD compared with Apoe–/– mice (7). To determine if  these similar 
pathways were upregulated in vivo, Apoe–/– and DKO mice were fed a HFD for 3–4 weeks, and RNA was iso-
lated from the whole aorta for qPCR analysis. As shown in Figure 3B, DKO mice showed increased expression 
of the selected Wnt genes, consistent with what was observed in vitro. Genes in the inflammation and cadherin 
pathway also mimicked in vitro results (Supplemental Figure 2, D–F). These results were further verified by 
using the Integrated Genome Browser program to align the peaks generated by the input DNA and the control 
siRNA + DEX condition with the reference genome at the chromosomal location indicated by the sequencing 
data. Alignment data for 3 of these 5 genes are presented in Figure 3, C–E, demonstrating massively enhanced 
binding when GR is activated by its ligand DEX with very little binding in the input condition.

GR-mediated modulation of  the Wnt signaling pathway in vitro. Given the robust effects we observed in the 
Wnt signaling pathway, as well as the understudied role of  Wnt in vascular disease, we focused subsequent 
efforts on the Wnt pathway. Supplemental Table 9 shows the identity of  the genes in the Wnt signaling 
pathway with GR binding sites with close proximity to the TSS based on intronic peaks.

To directly test how the presence or absence of  GR could affect downstream targets of  the canonical 
Wnt signaling pathway, MLECs were treated with Wnt3a conditioned media, in the absence or presence 

Figure 1. ChIP-seq results. (A) Six conditions were submitted for ChIP-seq analysis. Control siRNA cells treated with dexamethasone (DEX) (ConDEX) showed 
the largest peak, reflecting binding of the glucocorticoid receptor (GR) by its ligand. A smaller peak was observed from the GR siRNA cells treated with DEX 
(GRDEX), as siRNA knockdown is not 100% complete. The other 4 conditions had overlapping peak profiles indicating nonspecific background. Normalized 
coverage per 1,000,000 reads is plotted as a function of position within 1 kB of the peak. (B) Histogram of the top 10,000 peaks in comparison with the dis-
tance from the transcriptional start site (TSS), indicating enormous enrichment very close to the TSS. (C) Binding within ± 1 kB of the transcriptional start site 
in each of the conditions tested. Only the control siRNA + DEX condition showed any appreciable binding, as expected. Two small clusters of genes (clusters 
1 and 3) had well-defined binding areas with regard to the TSS. The vast majority (cluster 2) had no discernible pattern. (D) Pie chart of the top 10,000 peaks 
indicating the location of binding in the genome. (E) Characterization of the top 1000 ChIP-seq peak binding sites by location. (F) Sixty-five of 1000 peaks were 
found to have both the classic GRE motif (top) and a de novo motif (bottom). (G) Binding site by location of the 65 peaks with both motifs.
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of  DEX; then, the expression of  sox17 and axin2, both canonical Wnt-dependent genes, was assessed. As 
shown in Figure 4A, sox17 expression was induced by Wnt3a, and administration of  DEX suppressed 
expression after 6 hours; a similar pattern was observed for axin2 (Figure 4B). To further examine the 
specificity of  GR in this interaction, a similar experiment in GR siRNA–treated cells was performed. As 
shown in Figure 4C, GR knockdown caused increased basal sox17 expression in the unstimulated cells, and 
this enhanced expression was augmented by treatment with Wnt3a. Moreover, DEX treatment suppressed 
sox17 expression to a much greater extent in control siRNA–treated cells than in GR siRNA–treated cells, 
demonstrating that GR represses the actions of  Wnt3a on sox17 levels. These results were further verified 
by developing an EC line with stable expression of  a TCF/LEF reporter construct, allowing assessment of  
canonical activation of  the Wnt signaling pathway by quantification of  luciferase activity. As shown in Fig-
ure 4D, GR knockdown increased luciferase activity, both in the absence and in the presence of  the canoni-
cal ligand Wnt3a. Protein expression of  β-catenin was significantly increased in vitro with GR knockdown 
in MLECs (Figure 4E and quantified in Figure 4F).

To test whether Wnt ligands were themselves proinflammatory in our cell culture system, we 
assessed the expression of  the inflammatory markers IL-6 and TNF-α after treatment with Wnt3a or 
Wnt5a in control- and GR siRNA–treated MLECs. As shown in Supplemental Figure 3, there was no 
difference in the expression of  IL-6 mRNA with either Wnt3a or Wnt5a treatment; the expression of  
TNF-α was slightly decreased in the presence of  Wnt5a. Overall, these data suggest that Wnt ligands 
are not proinflammatory in our model.

Figure 2. Characterization of 29 genes identified from the top 1000 peaks that exhibited ChIP peak binding within ± 1 kb of the transcriptional 
start site (TSS). (A) ChIP peak binding location by region. (B) The peak location of each of the 29 genes was examined individually in the ENCODE 
database. The number of genes with transcription factor (TF) binding at the peak location based on the location of the peak binding site is shown. 
The 7 most abundant transcription factors are quantified, and the corresponding motifs are shown. (C) The number of regulatory elements is quanti-
fied as a function of peak location for each of the 29 genes surveyed.
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Finally, to verify that the observed responses were mediated via the canonical Wnt signaling pathway, 
ECs were treated with either control siRNA or with low-density lipoporotein-related receptor 5 (LRP5) 
siRNA or low-density LRP6 siRNA, 2 key molecules in the initiation of  the canonical Wnt signaling 
pathway. With effective knockdown of  either of  these receptors, the expression of  the Wnt-dependent 
genes axin2 and sox17 could not be augmented with DEX treatment, confirming the involvement of  
canonical Wnt signaling (Supplemental Figure 4).

Detection of  a novel GRE. A subset of  genes in each of  the 4 pathways — which were identified 
in Figure 4 and (a) had peaks in the ChIP-seq data set, (b) were present in clusters 1–3 (as shown in 
Figure 1C), and (c) had statistically significant fold changes in the RNA levels as determined by both P 

Figure 3. Primer-specific 
qPCR for genes in the Wnt 
signaling pathway, which 
were identified in the top 
1000 peaks of the glucocor-
ticoid receptor (GR) ChIP-seq 
data set, was performed 
both in vitro and in vivo. 
(A) Control siRNA– or GR 
siRNA–treated MLECs. Data 
represent 3 separate exper-
iments. (B) Double knock-
out (DKO) (n = 6) or control 
(Apoe–/–) mice (n = 3) fed with 
high-fat diet for 3 weeks. 
Whole aortas were dissected 
for RNA isolation and qPCR. 
Unpaired t test was used 
for each primer set. *P < 
0.05. (C–E) Alignment of the 
input DNA with the Con DEX 
condition from the ChIP-seq 
data demonstrates massively 
enriched GR binding at the 
peak locations for Tcf7l2 (C), 
Arid1b (D), and Smad4 (E).
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and Q values — was interrogated. This resulted in the 16 genes shown in Figure 5A, which are present-
ed as a heatmap analysis of  biological replicates from the RNA-seq data. Using motif  detection soft-
ware, this group of  genes was queried for conserved motifs, and a potentially new motif  was detected 
as shown in Figure 5B. Previous queries of  larger gene subsets had failed to reveal any plausible motif. 
The genomic sequence of  each of  these 16 genes was reviewed individually to determine whether the 
detected motif  was present. A perfect match for the motif  with guanine residues at positions 15 and 
16 was found in intron 5 of  the frzb gene at position 80,415,049–80,415,068 on chromosome 2 (entire 
genomic DNA shown in Supplemental Figure 5). Frzb, a secreted Wnt antagonist, was found to be 
significantly downregulated in the absence of  GR, again supporting the notion that absence of  endo-
thelial GR results in heightened Wnt signaling.

Figure 4. In vitro regulation of canonical Wnt signaling by the glucocorticoid receptor (GR). Mouse lung endothelial cells (MLECs) were serum starved in 
0.5% FBS for 4 hours and then treated with 10% Wnt3a conditioned media for 6 hours. Dexamethasone (DEX) 100 nM was added for 1 hour at the comple-
tion of the media incubation period. (A and B) qPCR for Sox17 (A) and Axin2 (B) was performed. (C) Control siRNA or GR siRNA MLECs were treated with 
Wnt3a 200 ng/mL for 4 hours in the presence or absence of DEX 100 nM for 1 hour, and qPCR for Sox17 was performed. (D) MLECs were stably transfected 
with a TCF/LEF luciferase construct and subjected to either control siRNA or GR siRNA treatment, with and without Wnt3a 200 mg/mL for 4 hours. (E) 
MLECs were treated with either control siRNA or GR siRNA, and lysates were subjected to Western blot for GR and β-catenin expression. (F) Quantification 
of GR and β-catenin expression by densitometry. Data represent 3 independent experiments. One-way ANOVA with Tukey’s post hoc test was used to 
analyze data in A, B, and D. Student’s t test was used to analyze data in C and F. *P < 0.05; **P < 0.01.
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Examination of  this region using Ensembl demonstrates that there are several CCCTC-binding fac-
tor (CTCF) sites in close proximity to the binding peak. We confirmed frzb-GR binding was indirect by 
designing 2 different sets of  primers for frzb and performing DNA qPCR using the ChIP DNA; frzb was 
not detected using either primer set. Interestingly, using ChIP input DNA, the loss of  GR reduced CTCF 
expression by more than 80%, suggesting that CTCF may regulate frzb in a spatiotemporal manner via GR 
as has previously been demonstrated (21, 22). We also examined what happened to frzb expression when 
CTCF was downregulated. As shown in Supplemental Figure 6, A and B, knockdown of  CTCF using 
an siRNA approach resulted in a significant decrease in frzb mRNA expression, further supporting this 
hypothesis. To investigate the effect of  frzb in our model, control and GR siRNA–knockdown ECs were 
treated with exogenous Sfrp3, and the effect of  Wnt-dependent gene expression was assessed. Sfrp3 was 
able to decrease the expression of  axin2 in both control and GR knockdown cells, but this trend result was 
not observed for sox17. As expected, the expression of  both genes was statistically higher in GR knock-
down cells (Supplemental Figure 6, C and D).

To test whether this motif  demonstrated functional regulation by GR in vitro, several luciferase 
constructs were generated and expressed into 293T cells. The pGL3 basic vector was used as a neg-
ative control, and a previously described GRE (ref. 23 and Supplemental Figure 7A) was used as a 

Figure 5. Detection of a potentially 
novel motif. (A) Heatmap of fold-ex-
pression changes of 16 genes identified 
through advanced analysis of sequenc-
ing data. Trends are conserved for both 
GR replete and GR-KO conditions. (B) 
Potentially novel motif detected from 
analysis of 16 genes in A. (C) Luciferase 
assay showing fold induction for cells 
treated with media alone, RU486 alone 
for 4 hours, DEX alone for 4 hours, or 
RU486 4-hour pretreatment followed 
by 4 hours with DEX. Data represent 
3 separate experiments. One-way ANO-
VA with Tukey’s post hoc test was used 
to analyze data. *P < 0.05.
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positive control. The experimental motif  was cloned as 4 tandem repeats (Supplemental Figure 7B), 
while the positive control contained 2 classic consensus GRE sequences derived from the tyrosine 
aminotransferase (TAT) gene promoter.

As shown in Figure 5C, after 4 hours of  treatment with DEX 100 nM, the potentially new experimen-
tal motif  resulted in luciferase activation that was very similar to that observed in the positive control. As 
expected, the negative control exhibited a very low signal. The activity of  both responsive constructs could 
be significantly downregulated, though not extinguished, by 4 hours of  treatment with 1 μM RU486, a 
GR antagonist, and this effect was unable to be reversed with subsequent DEX treatment, validating the 
receptor-specific response. The high baseline activation observed in the media-only condition — for both 
the known GRE and the motif, but not the negative control — is a result of  small amounts of  endogenous 
steroid in the culture media and further confirms the validity of  our assay.

In vivo activation of  Wnt signaling in DKO mice. To enable direct visualization of  the activation of  
canonical Wnt signaling in vivo, Apoe–/– and DKO mice were bred to the TCF/Lef-LacZ reporter mouse 
and subjected to 12 weeks of  HFD feeding. At the conclusion of  the feeding period, aortas were isolated 
and stained with Oil Red O and X-galactosidase (X-gal). As shown in representative aortas in Figure 6A 
and quantified in Figure 6B, DKO animals had significantly more severe atherosclerotic lesions, con-
sistent with previous results (7). LacZ staining in both genotypes, shown in Figure 6C and quantified 
in Figure 6D, revealed significantly more staining DKO animals, consistent with upregulated canonical 
Wnt signaling. Aortic ECs isolated from animals of  both genotypes at the end of  the feeding period 
showed significantly increased mRNA expression of  the Wnt-dependent genes axin2, ctnnb1, and TCF/
Lef (Figure 6E). There were no differences in total cholesterol or triglyceride levels either before or after 
HFD feeding, consistent with previous results (Supplemental Figure 8).

Discussion
The major finding of  this study is that endothelial GR is an important modulator of  the Wnt signaling 
pathway, which influences inflammation, both in vitro and in vivo. Notably, the repressive effect of  GR on 
the Wnt pathway is independent of  the NF-κB pathway, a classic target for GR, and highlights the permis-
sive role of  this receptor in physiologically relevant states.

The Wnt signaling pathway is gaining prominence as an underappreciated player during inflamma-
tory disorders such as atherosclerosis. In vitro, Wnt ligands have been shown to induce EC proliferation 
and modulate inflammation (24–26). Noncanonical Wnt5a/Ca2+–dependent signaling induces endothe-
lial inflammation and release of  inflammatory cytokines (27). In vivo, Wnt5a staining is upregulated in 
both murine and human atherosclerotic plaques (28). Interestingly, nuclear localization of  β-catenin, in 
the canonical pathway, has been described in athero-prone areas of  the aortic endothelium prior to lesion 
development (29). Sclerostin, an inhibitor of  the Wnt pathway, has been found to inhibit atherosclerosis 
(30); most recently, Wnt5a was shown to mediate lipid accumulation in macrophages and the formation of  
foam cells in studies of  human carotid vessels (31). Furthermore, the Wnt5a-JNK signaling axis has been 
shown to contribute to the endothelial dysfunction present in human diabetes (32).

There is also evidence from the heart failure literature that the Wnt signaling pathway and its modula-
tors may be important risk factors in human cardiovascular disease. For example, Ueland and colleagues 
showed that the Wnt modulators secreted frizzled related protein-3 (Sfrp3), dickkopf-1 (DKK-1), and Wnt 
inhibitory factor 1 (WIF-1) — all of  which are Wnt signaling inhibitors — were substantially upregulated 
in patients with symptomatic severe aortic stenosis (33). The same authors went on to show an association 
between elevated levels of  Sfrp3 and poor outcome in human heart failure patients, as well as elevated 
Sfrp3 mRNA expression in the left ventricles of  postmyocardial infarction mice (34). Interestingly, this 
study suggested that the increased Sfrp3 was derived, at least in part, from the myocardium itself. The 
impact of  Sfrp3 levels on cardiovascular outcomes was also assessed in patients with chronic heart failure. 
When Sfrp3 levels were stratified by tertile and examined as a risk factor for any cardiovascular event, 
somewhat surprisingly, those patients with levels in the middle tertile fared better than those with either 
very low or very high Sfrp3 levels (35). These data suggest that there may be a “sweet spot” with regard to 
Wnt activity and cardiovascular health.

These clinical findings are also supported by in vitro data, both from human cells and animal models, that 
suggest Wnt/β-catenin signaling may be both pro- or antiinflammatory based on tissue conditions. Some stud-
ies support a negative regulatory role of NF-κB signaling by the Wnt pathway and an overall antiinflammatory 
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effect of Wnt signaling, though there are also some that have reported positive stimulation of NF-κB signaling 
by Wnt (36). For example, Wnt5a has been shown to activate RelA nuclear translocation and DNA binding, 
and activated blood vessels in both atherosclerosis and rheumatoid arthritis conditions express Wnt5a, suggest-
ing a proinflammatory role for this ligand in vivo (27). Further evidence for this phenomenon was shown by 
Yang et al., who demonstrated inhibition of both NF-κB signaling and MAPK signaling after in vivo silencing 
of Wnt5a in a mouse model of atherosclerosis (37). Wnt5a — as well as other proteins central to the Wnt 
and NF-κB pathways, including JNK1 and NF-κB p65 — have been shown to be significantly upregulated in 
an animal model of hepatic inflammation induced by type 2 diabetes mellitus and nonalcoholic steatohepa-
titis (38); interestingly, Wnt5a reduction is regarded as a potential strategy for macrophage differentiation and 
enhanced cell apoptosis in Mycobacterium tuberculosis–infected mice (39) There is also a large body of literature 
that provides strong evidence for a negative regulatory role of Wnt signaling on NF-κB signaling, much of  
which has been derived from the study of cancer cells. In particular, studies in colon cancer and breast cancer 
cells subjected to overexpression of β-catenin have shown that the NF-κB signaling pathway is inhibited due to 
the formation of a β-catenin-RelA-p50 complex, which decreases NF-κB transactivation and proinflammatory 
gene transcription (40–42). Similar to the clinical experience, these preclinical and basic studies reveal a dichot-
omous role of Wnt signaling, which seems to depend on both specific Wnt ligands and cell types.

Figure 6. In vivo regulation of canonical Wnt signaling. (A) Representative aortas stained with Oil Red O from Apoe–/– and double KO (DKO) mice. Scale 
bar: 1 cm. (B) Quantification of lesion size in each genotype (n = 5/group). (C) Representative aortas stained with X-gal demonstrate significantly higher 
β-galactosidase staining in DKO mice. A LacZ(–) control is included for comparison. Scale bar: 1 cm. (D) Quantification of β-gal expression in each genotype (n 
= 3–7 mice/group). (E) mRNA expression of Axin 2, ctnnb, and TCF/LEF is significantly higher in aortic endothelial cells from DKO mice than Apoe–/– mice after 
diet feeding (n = 5/group). Student’s t test was used to analyze data. **P < 0.05. 
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In this study, we show conclusively, using both next-generation sequencing techniques and a potentially 
novel mouse model, that endothelial GR is an important regulator of  the canonical Wnt signaling path-
way. Our results are in good agreement with ChIP-seq experiments done in A549 cells, which also show 
proportionately increased binding of  Wnt-related genes based on publicly available data in the ENCODE 
database (https://www.encodeproject.org). Independent validation of  selected targets in vitro and in vivo 
using our published DKO mouse model further validated these results.

One limitation of  these data is that the analysis was restricted to peaks in close proximity to TSS and 
the corresponding RNA-seq data. However, the mechanisms of  GR effects on cellular responses, transcrip-
tional or otherwise, remain difficult to classify by any straightforward categorization scheme. For example, 
Vockley et al. have recently shown in human epithelial cells that direct GR binding sites may interact with 
nonresponsive sites via enhancers or other epigenetic modifications over many tens of  kilobases (13). Jubb 
et. al. demonstrated that large-scale chromatin decompaction in macrophages, which was not dependent on 
transcription, occurred rapidly upon GR binding and could influence glucocorticoid response over many 
hours, even when ligand was removed (43). Similarly, in experiments examining GR-mediated repression of  
proinflammatory genes in mouse macrophages, at least 2 discrete mechanisms were present: (a) promoter 
accumulation of  negative elongation factor (NELF) and (b) blocking of  RNA polymerase (Pol) 2 activation 
(44). It should be noted that these mechanisms, demonstrated in epithelial cells and macrophages, may 
not be generalizable to ECs, given the exquisite control of  GR-mediated responses in specific cell types, a 
phenomenon that is increasingly recognized. There is much that remains to be learned about the detailed 
mechanisms of  GR effects on cellular responses.

Another limitation of  the ChIP-seq approach is that the peak calling software uses the nearest gene 
to the peak as the predicted binding site, which may not always be accurate. Indeed, when the peak for 
frzb was reviewed, we noted that the software designated the binding site as intergenic, which would not 
explain the intronic motif  that was detected. It remains possible that there is an intergenic binding site close 
to frzb that was not uncovered in the subsequent analyses, though this seems somewhat unlikely given the 
excellent luciferase induction that was achieved with DEX treatment. A further uncertainty of  the ChIP-
seq approach is that binding cannot be determined as direct or indirect with this methodology. The ChIP 
DNA qPCR and data from CTCF siRNA knockdown support the notion that frzb-GR binding is indirect 
and potentially mediated via CTCF. Further study will be required to investigate this possibility. While GR 
binding was clearly enriched in the DEX-treated control group, as expected, it is not known how much of  
this binding was mediated directly through GR versus any other intermediary genes.

Integration of  the ChIP-seq and RNA-seq data sets revealed that even the most differentially regulated 
GR-dependent genes did not necessarily have peaks in the ChIP-seq data set and, if  present, were not among 
the most highly enriched peaks. Of course, there may be other genes in the RNA-seq data set that are sig-
nificantly regulated by GR and were not considered in this analysis since genes were restricted to those with 
both significant P and Q values. Detection of  these genes on a larger scale would require individual primer 
design based on the binding site resulted from the peak calling software and qPCR for each target of  interest.

In conclusion, we present an endothelial GR–Wnt interaction that may explain the striking phe-
notypes of  heightened atherosclerosis in DKO mice (7) or impaired survival after low-dose LPS in 
EC-specific GR-KO mice (6), 2 phenotypes largely dependent on endothelial GR. Inhibition of  the Wnt 
signaling pathway in ECs may prove to be a valuable therapeutic opportunity for inflammatory disor-
ders. Ongoing study of  the ways in which cell-specific GR directs target gene transcription continues to 
reveal an increasingly complex regulatory system.

Methods
Reagents. DEX phosphate was purchased from MP Biomedicals. Recombinant mouse Wnt3a protein was 
purchased from Abcam. AllStars negative control siRNA and Stealth RNAi for NR3C1 were from Qiagen. 
Recombinant mouse sFRP3 protein was purchased from Thermo Fisher Scientific. CTCF siRNA was from 
Dharmacon, and LRP5 and LRP6 siRNA were from Santa Cruz Biotechnology Inc.

ChIP-seq. ChIP-seq was performed using the EZ-ChIP kit (MilliporeSigma) according to the man-
ufacturer’s instructions. A total of  5 μg of  ChIP-grade GR antibody (Abcam, 3578) was used for 
each experimental condition. GR-enriched ChIP DNA was confirmed by qPCR using primers for 
Per1. Data analysis was provided by the Yale Center for Genomic Analysis as follows: The fastq files 
obtained from the sequencer were trimmed for quality using fastx_trimmer. The reads were aligned 
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to the mm10 (University of  California Santa Cruz [UCSC], Santa Cruz, California, USA) version 
of  the mouse genome using bwa mem. Peaks were called using macs peak-caller (45), and the reads 
from input DNA sample were used as control. Visualization of  the peaks was done using R (cum-
meRbund), and Integrated Genome Browser using .bw files was used to generate visual images of  the 
experimental conditions with the reference sequence. These data have been assigned GEO accession 
number GSE119093.

Custom qPCR. A custom PCR array was designed with the Qiagen on-line tool (Custom RT2 Profiler PCR 
Arrays). MLECs were treated with control or GR siRNA for 48 hours. Total RNA was isolated using the 
RNeasy kit (Qiagen), and cDNA was generated using the iScript cDNA synthesis kit (Bio-Rad) using 1 μg 
RNA. The PCR array was run using SYBR green reagents according to the manufacturer’s instructions.

Primer-specific qPCR. ChIP DNA or total RNA was used for qPCR. Total RNA was isolated using standard 
Trizol protocol. RNA was reverse transcribed using the iScript cDNA Synthesis kit (Bio-Rad), and qPCR 
was performed on a Bio-Rad C1000 Touch thermal cycler using the resultant cDNA, qPCR master mix, and 
gene-specific primers. The following primers were used: Per1, forward, 5′ - AAGGCTGTGTGCATGTCCT 
- 3′, and reverse, 5′ - AGAGGGAGGTGACGTCAAAG - 3′; Sox17, forward, 5′ - TCAGATGTCTGGAG-
GTGCTG - 3′, and reverse, 5′ - TGGAACCTCCAGTAAGCCAG 3′; Axin2, forward, 5′ - AACCTATG-
CCCGTTTCCTCTA - 3′, and reverse, 5′ - GAGTGTAAAGACTTGGTCCACC - 3′; Wnt3a, forward, 5′ 
- CTCCTCTCGGATACCTCTTAGTG - 3′, and reverse 5′ - CCAAGGACCACCAGATCGG - 3′; Ctnnb1, for-
ward, 5′ - TGACACCTCCCAAGTCCTTT - 3′, and reverse, 5′ - TTGCATACTGCCCGTCAAT - 3′; TCF, 
forward, 5′ - GGTGGCCGAATGCACATTGAAAGA - 3′, and reverse, 5′ - TTTGCCTGTTCTTCCCTG-
GACA - 3′; Frzb primer 1, forward, 5′ - TCTCAATGTATCACTCTGTG - 3′, and reverse, 5′ - TTTCCAA-
GAGTTGTTTGTG - 3′; Frzb primer 2, forward, 5′ - TCTGTCCCCAAAGAGACATAT - 3′, and reverse, 
5′ - TGGCCTACTATTAAGAGAAA - 3′; CTCF, forward, 5′ - CATCATTCAACGTTTAGTTT - 3′, and 
reverse, 5′ - GCCAGGGCTATACAGAGAAAC - 3′; IL-6, forward, 5′ - TCTGAAGGACTCTGGCTTTG 
- 3′, and reverse, 5′ - GATGGATGCTACCAAACTGGA - 3′; and TNF-α, forward, 5′ - AGGGTCTGGGC-
CATAGAACT - 3′, and reverse, 5′ - CCACCACGCTCTTCTGTCTAC - 3′.

Gene expression was normalized to the housekeeping gene 18s and is presented as fold change.
Stable cell line. The Cignal Lenti TCF/LEF Reporter (Qiagen) was transduced into MLECs using Sure-

ENTRY Transduction Reagent (Qiagen) according to the manufacturer’s instructions.
Animal studies. Male Apoe–/– and endothelial GR/ApoE–double KO (DKO) mice, 10–12 weeks of  

age, were previously generated in the lab and fed a HFD containing 1.25% cholesterol (Research Diets) 
for the time indicated. In some experiments, animals of  both genotype were bred to the BAT-GAL (β-cat-
enin/TCF-LEF) reporter transgenic mouse. Mice were sacrificed, and the aortas were removed. Aortas 
were stained with X-gal (Sigma-Aldrich) according to the manufacturer’s instructions. In other aortas, 
total RNA was extracted and cDNA was made as described above. The custom PCR array was used to 
evaluate pathways of  interest as described.

RNA-seq. MLECs were cultured in EBM-2 and 10% serum. Cells were treated with control or GR siR-
NA for 48 hours with and without DEX 100 nM for 18 hours. Total RNA was isolated using the RNeasy kit 
(Qiagen) and sequenced on an Illumina platform by the Yale Center for Genomic Analysis. Data analysis was 
provided by the Yale Center for Genomic Analysis as follows: The fastq files obtained from the sequencer 
were trimmed for quality using fastx_trimmer. The reads were then aligned to the mm10 (UCSC) version of  
the mouse genome using TopHat (46). The transcript abundance estimation and differential gene expression 
was carried out using cuffdiff  (cufflinks) (47). The results were visualized using R (cummeRbund). These data 
have been assigned GEO accession number GSE119093.

Motif  detection. MEME was used for de novo motif  detection, and MAST (48) was used to scan the 
sequences for known motifs.

Cell culture studies. MLECS were cultured and starved for 4 hours in 0.5% FBS. Cells were treated for 
4 hours with Wnt3a (200 ng/mL). At the conclusion of  the 4-hour time period, cells were additionally 
treated with 100 nM DEX for 1 hour. In other experiments, cells were treated with 10% Wnt3a conditioned 
media for 6 hours, followed by DEX 100 nM for 1 hour. In other experiments, cells were also treated with 
Wnt5a (150 ng/mL) and in others cells were treated with recombinant Sfrp3 (200 ng/mL) for 4 hours.

Plasmid constructs and luciferase assay. The synthetically synthesized gBlocks Gene Fragments (ITD 
Integrated Technologies) containing 4 GR motifs (underlined) and homologues region to the destina-
tion vector (italics), GAACATTTCTCTATCGATAAGGTACCctctgCCTCCCAAGTGCTGGGATTaaagg-
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cgtgactctgCCTCCCAAGTGCTGGGATTaaaggcgtgactctgCCTCCCAAGTGCTGGGATTaaaggcgtgactct-
gCCTCCCAAGTGCTGGGATTaaaggcgtgaCTCGAGATCTGCGATCTGCATCTCAA, were cloned between 
KpnI and XhoI into pGL3-Promoter Vector (Promega) using DNA assembly strategy (NEBuilder HiFi DNA 
Assembly Kit, New England Biolabs). The GR motif  is followed by an SV40 promoter and then by the lucif-
erase gene; the quantified luciferase expression is a direct measure of  transcriptional activity. The empty pGL3 
promoter vector was used as a negative control. 293T cells were transformed with Lipofectamine (Invitrogen).

Plasma measurements. Mice were fasted for 12–15 hours, and blood was collected by retro-orbital 
venous puncture. Whole blood was spun down, and plasma was stored at –80°C. Total cholesterol and 
triglyceride levels were measured enzymatically by kits from Wako and MilliporeSigma (Wako Diag-
nostics Total Cholesterol E and Triglyceride Quantification Colorimetric/Fluorometric Kit), respective-
ly, according to the manufacturer’s instructions.

Atherosclerotic lesion analysis. At the completion of  HFD feeding, mice were anesthetized and eutha-
nized. Mouse hearts were perfused with PBS and then 4% paraformaldehyde (PFA); the aortas and were 
dissected out using a dissecting microscope and maintained in PFA overnight. Whole aortas were stained 
with Oil Red O (MilliporeSigma) to quantify lesion area. Oil Red O stock solution (35 mL, 0.2% weight/
volume in methanol) was mixed with 10 mL 1 M NaOH and filtered. Aortas were briefly rinsed in 78% 
methanol, incubated in Oil Red O for 45 minutes, and destained in 78% methanol for 5 minutes, and 
mounted on microscopic slides. Lipid staining and lesion size were quantified by averaging 6 sections from 
the same mouse using the ImageJ program (NIH).

Western blot. Tissues were snap frozen in liquid nitrogen, pulverized, and resuspended in lysis buffer (50 
mM Tris·HCl, pH 7.4, 0.1 mM EDTA, 0.1 mM EGTA, 1% nonidet P-40, 0.1% sodium deoxycholate, 0.1% 
SDS, 100 mM NaCl, 10 mM NaF, 1 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 1 mM 
Pefabloc SC, and 2 mg/mL protease inhibitor mixture; Roche Diagnostics). Cells were lysed on ice with 
lysis buffer. Protein concentrations were determined with the DC Protein assay kit (Bio-Rad). Lysates were 
analyzed by SDS/PAGE and immunoblotted. Primary antibodies used include the following: GR (Ther-
mo Fisher Scientific, MA1-510), β-catenin (BD Biosciences, 610153), and Hsp90 (Affinity Bioreagents, 
MA3-011). Secondary antibodies were fluorescence-labeled antibodies (LI-COR Biosciences). Bands were 
visualized with the Odyssey Infrared LI-COR system.

Isolation of  primary aortic ECs. Primary cells were isolated as described (49). Briefly, mice were sacrificed, 
and thoracic aortas were dissected out, opened longitudinally, placed lumen side–down in collagen-coated 
wells, and covered by culture medium (high glucose DMEM + 20% FBS). After 2 days in culture, tissue 
was removed and cells were trypsinized, resuspended, sorted by rat anti–mouse CD31–coated (clone 390, 
catalog 558736, BD Bioscience) Dynabeads using a magnetic separator, and replated. When subconfluent, 
they were subjected to second sorting with rat anti–mouse CD102–coated (BD Biosciences) Dynabeads 
using a magnetic separator and replated for experiments.

Statistics. Binary comparisons were analyzed using Student’s 2-tailed t tests. Multiple comparisons were ana-
lyzed using 1-way ANOVA with Tukey’s post hoc test. Data are expressed as mean ± SEM. A P value less than 
0.05 was considered significant, and where indicated, a Q value of less than 0.05 was also considered significant.

Study approval. All studies were performed according to a protocol approved by the IACUC at Yale 
University School of  Medicine, New Haven, Connecticut, USA, and were consistent with the Guide for the 
Care and Use of  Laboratory Animals (National Academies Press, 2011).
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