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Chronic stress-driven glucocorticoid receptor
activation programs key cell phenotypes and functional
epigenomic patterns in human fibroblasts

Calvin S. Leung,1 Oksana Kosyk,1 Emma M. Welter,1 Nicholas Dietrich,4 Trevor K. Archer,4

and Anthony S. Zannas1,2,3,5,*

SUMMARY

Chronic environmental stress can profoundly impact cell and body function.
Although the underlying mechanisms are poorly understood, epigenetics has
emerged as a key link between environment and health. The genomic effects of
stress are thought to be mediated by the action of glucocorticoid stress hor-
mones, primarily cortisol in humans, which act via the glucocorticoid receptor
(GR). To dissect how chronic stress-driven GR activation influences epigenetic
and cell states, human fibroblasts underwent prolonged exposure to physiolog-
ical stress levels of cortisol and/or a selective GR antagonist. Cortisol was found
to drive robust changes in cell proliferation, migration, and morphology, which
were abrogated by concomitant GR blockade. The GR-driven cell phenotypes
were accompanied by widespread, yet genomic context-dependent, changes in
DNA methylation and mRNA expression, including gene loci with known roles
in cell proliferation and migration. These findings provide insights into how
chronic stress-driven functional epigenomic patterns become established to
shape key cell phenotypes.

INTRODUCTION

Environmental stress is ubiquitous in modern societies and, especially when chronic or excessive, can pro-

foundly impact cell and body function (Hong et al., 2020; Yang et al., 2020; Epel et al., 2004; Joëls et al.,

2004). This impact can accumulate throughout human life and contribute to a range of diseases together

responsible for 70% of all deaths (World Health Organization, 2017). Although the underlying molecular

mechanisms are poorly understood, epigenetics—the chemical changes that regulate genomic function

without altering the genetic code—has emerged as a key link between environment and health (Cavalli

and Heard, 2019; D’Anna et al., 2020; Lam et al., 2012, National Library of Medicine, 2021; Kim et al.,

2020; Nanavaty et al., 2020; Weaver et al., 2004; Zannas, 2019; Zannas et al., 2019). Studying the epigenetic

sequelae of prolonged stress exposure can thus yield fundamental insights into determinants of health and

disease. Given the complexity of examining stress in humans, such fundamental studies call for cell models

with translational value. However, the precise knowledge of how chronic stress acts to establish epigenetic

and cell states remains elusive.

Stress can result from a host of heterogeneous stimuli, including physical, mental, and social stressors.

Despite their heterogeneity, these stressors share an ability to trigger conserved neuroendocrine re-

sponses that culminate in the systemic secretion of glucocorticoid stress hormones, primarily cortisol

in humans (Chrousos and Gold, 1992). Systemic glucocorticoids, in turn, can influence genomic function

in essentially every human cell by activating the glucocorticoid receptor (GR), a ligand-regulated tran-

scription factor (Zannas and Chrousos, 2017). Importantly, glucocorticoid exposure and GR activation

can induce not only acute changes in gene transcription but also lasting epigenetic changes, most

notably in DNA methylation (Kress et al., 2006; Seifuddin et al., 2017; Thomassin et al., 2001; Wiechmann

et al., 2019; Zannas et al., 2015, 2019; Provencal et al., 2019; Wiench et al., 2011; Zannas, 2021b), which

involves the addition of a methyl group onto cytosine, usually in the CpG context. We, therefore, hypoth-

esized that prolonged GR activation can drive functional DNA methylation changes at susceptible

genomic sites with potential key roles in cell phenotypes.

1Department of Psychiatry,
University of North Carolina,
Chapel Hill, NC 27599, USA

2Department of Genetics,
University of North Carolina,
Chapel Hill, NC 27514, USA

3Carolina Stress Initiative,
University of North Carolina
School of Medicine, Chapel
Hill, NC 27514, USA

4Chromatin and Gene
Expression Section,
Epigenetics and Stem Cell
Biology Laboratory, National
Institute of Environmental
Health Sciences, Research
Triangle Park, NC, USA

5Lead contact

*Correspondence:
anthony_zannas@med.unc.
edu

https://doi.org/10.1016/j.isci.
2022.104960

iScience 25, 104960, September 16, 2022 ª 2022 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

mailto:anthony_zannas@med.unc.edu
mailto:anthony_zannas@med.unc.edu
https://doi.org/10.1016/j.isci.2022.104960
https://doi.org/10.1016/j.isci.2022.104960
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.104960&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


To dissect the effects of chronic stress at the cellular and molecular levels, we leveraged a well-established

human lung fibroblast cell line (IMR-90) as well as primary human dermal fibroblasts obtained from donors

of different ancestry and sex. Fibroblasts are highly suitable for studying the long-term epigenetic sequelae

of stress because these cells can be cultured easily for prolonged periods of time (R2 months) and exhibit

well-defined, malleable phenotypes, such as finite proliferative potential, migratory behavior, and distinct

morphologies (Deschênes-Simard et al., 2013; Ramilowski et al., 2020b; Zannas et al., 2020). Moreover, fi-

broblasts are at the forefront of wound healing (Bainbridge, 2013) and are involved in a host of disease

states, including fibrotic illness (Wynn and Ramalingam, 2012), cardiovascular disease (Hall et al., 2021), in-

flammatory states (Chang and Turley, 2015), and cancer (Kalluri, 2016). To model stress in culture, we

treated fibroblasts with the endogenous human glucocorticoid cortisol at levels known to be reached in

human tissues during in vivo stress (100 nM) (Wust et al., 2005; Bhake et al., 2013; Tarjanyi et al., 2014;

Bendel et al., 2008; Hamrahian et al., 2004; Christ-Crain et al., 2007). To mechanistically dissect the role

of GR activation, and as the finite proliferative potential of fibroblasts makes the generation of GR knock-

outs impractical, we further employed as a tool the selective GR modulator relacorilant at a previously es-

tablished concentration (500 nM) shown to exert robust antagonistic properties (Hunt et al., 2017).

Our findings show that prolonged exposure to physiological stress levels of cortisol drives robust changes in

fibroblast phenotypes, including proliferation, migration, and morphology, whereas concomitant GR

blockade with relacorilant abrogates these changes. The GR-driven cell phenotypes are accompanied by

widespread, yet genomic context-dependent, changes in DNA methylation and mRNA expression, including

gene loci with known roles in cell proliferation and migration. Together these findings provide insights into

how chronic stress-driven functional epigenomic patterns become established to shape key cell phenotypes.

RESULTS

Toward a more physiological cell model for studying how chronic stress and glucocorticoid

receptor activation impact epigenetic and cell states

Glucocorticoids have been shown to extend fibroblast proliferative potential, but studies to date are

limited by the use of either large concentrations of the human glucocorticoid cortisol (�14 mM) or synthetic

(and muchmore potent) glucocorticoids (Cristofalo, 1975; Mawal-Dewan et al., 2003; Cristofalo and Kabak-

jian, 1975). To establish proof-of-concept for using physiological stress levels of cortisol to drive GR acti-

vation and genomic responses in human fibroblasts, we treated IMR-90 cells with either 100 nM cortisol

or 500 nM relacorilant, as well as a combination of the two compounds, for 4 h and performed qPCR for

three known glucocorticoid-responsive genes, FKBP5, GILZ, and HSD11B1 (Binder, 2009; Zannas et al.,

2016; D’Adamio et al., 1997; Hammami and Siiteri, 1991). Cortisol robustly induced the expression of all

genes, whereas this induction was abrogated by concomitant relacorilant treatment (Figure S1A). Further-

more, we performed a glucocorticoid receptor element luciferase reporter assay and detected significant

induction of luciferase activity with cortisol treatment, which was again abrogated by the addition of rela-

corilant (Figure S1B). These findings showed that physiological stress levels of cortisol are sufficient to elicit

a robust transcriptional response and that relacorilant efficiently antagonizes the GR in this context, sup-

porting the use of this model to dissect how stress and GR activation impact epigenetic and cell states.

Chronic stress-driven glucocorticoid receptor activation programs key cell phenotypes in

IMR-90 fibroblasts

To determine the extent to which chronic physiological GR activation can shape cell phenotypes over time,

we performed prolonged treatment (up to 81 days) of IMR-90 fibroblasts with 100 nM cortisol and 500 nM

relacorilant, while comprehensively tracking key fibroblast phenotypes, including cell proliferation, migra-

tion, and morphology (Deschênes-Simard et al., 2013; Ramilowski et al., 2020b; Zannas et al., 2020).

Cell proliferation was monitored with automated cell counting and documentation of population doubling

levels (PDL) at each cell passage. Cortisol promoted the proliferation rate and extended the proliferative

potential of IMR-90 cells, whereas these effects were completely abrogated by concomitant relacorilant

treatment (Figure 1A). To further cross-validate the effect of cortisol on proliferation, we stained cells

with Ki-67, an established cell proliferation marker (Scholzen and Gerdes, 2000), and observed that a signif-

icantly greater percentage of cortisol-treated cells are positive for Ki-67 (Figure 1B).

Fibroblasts play central roles in wound healing (Bainbridge, 2013), a process that relies not only on cell

proliferation but also migration (Bainbridge, 2013). To determine the extent to which cortisol-driven GR
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activation influences cell migration, we performed in vitro scratch assays (Liang et al., 2007) on IMR-90 cells

pre-treated with cortisol and/or relacorilant for two weeks. Cortisol increased the rate of migration (mm2/h)

measured over 24 h and compared to vehicle, whereas concomitant treatment with relacorilant abrogated

the effects of cortisol on migration (Figure 1C). To rule out the possibility that the effect of cortisol on

wound closure is merely a consequence of increased cell proliferation, cells were pre-treated with aphidi-

colin, an inhibitor of nuclear DNA replication (Kues et al., 2000), prior to scratch generation. Although aphi-

dicolin pre-treatment inhibited cell proliferation as expected (Figure S2A), cortisol continued to promote

cell migration (Figure S2B), thereby confirming that this migratory effect is independent of cell

proliferation.

Lastly, we assessed whether cortisol also drives distinct changes in cell morphology. To this end, we

applied a machine learning algorithm to cells pre-treated with cortisol or vehicle for two-three weeks.

To account for differences in cell cycle between groups and thus minimize the signal-to-noise ratio, all cells

were also treated overnight before measurement with the DNA replication inhibitor aphidicolin that syn-

chronizes the cell cycle to the G1/S boundary (Kues et al., 2000). Cortisol robustly increased cell surface

area (+18.4% difference; p = 4*10�23), total pseudopodia length (+24.7% difference; p = 3.9*10�21), perim-

eter (+17.6% difference; p = 2.5*10�22), average pseudopodia length (+11.7% difference; p = 4*10�7), and

number of pseudopodia per cell (+19.605% difference, p = 6.1*10�8), while decreasing cell circularity

(�16.9% difference, p = 0.00814) (Figures 1D, 1E and S3A–S3D).

Taken together, these findings indicate that chronic stress-driven GR activation extensively programs cell

proliferation, migration, and morphology in IMR-90 human fibroblasts.

The glucocorticoid receptor-driven cell phenotypes are recapitulated in primary dermal

fibroblasts from donors of different ancestry and sex

The findings presented above are intriguing but are limited to IMR-90 fibroblasts, a single cell line derived

from a female fetus. To further assess if these findings generalize across different biological contexts, we

extended experiments in primary dermal fibroblast strains obtained from four donors of different ancestry

and sex groups (White female, age 21; White male, age 21; Black female, age 21; Black male, age 22). We

again assessed the effects on cell proliferation by treating fibroblast strains with cortisol continuously for

23 days, while tracking cumulative PDL, and found that cortisol promoted proliferation consistently in all

four individuals (Figure 2A). We also performed a scratch assay for two of the donors (White female and

Black male) and found that cortisol promoted cell migration for both fibroblast strains, whereas this effect

was abrogated with concomitant relacorilant treatment (Figure 2B). Together these experiments extend

findings and show that chronic physiological GR activation programs key fibroblast phenotypes across bio-

logical contexts such as donor ancestry and sex.

Chronic stress-driven glucocorticoid receptor activation modulates mRNA levels of genes

with functional roles in fibroblast phenotypes

Given the established role of the GR as a transcription factor (Zannas and Chrousos, 2017), we next exam-

ined the functional genomic changes underlying the observed GR-driven cell phenotypes. To this end, we

performed RNA-sequencing (RNA-seq) on IMR-90 fibroblasts treated with vehicle, cortisol, relacorilant, or

Figure 1. Chronic stress-driven GR activation programs key cell phenotypes in IMR-90 fibroblasts

(A) Cumulative change in population doubling level (PDL) of IMR-90 cells treated with vehicle (DMSO), cortisol, relacorilant, or cortisol + relacorilant over

81 days. Points represent the average of 3 biological replicates. Error bars represent one SD above and below the mean.

(B) Ki-67 analysis of IMR-90 cells treated with vehicle, cortisol, relacorilant, or cortisol + relacorilant (F3,36 = 7.9, p < 0.001, FC cortisol vs. vehicle = 1.4,

Padj < 0.01 for cortisol vs. vehicle comparison). Cells were stained for both DAPI (blue fluorescence) and Ki-67 (green fluorescence), and fluorescence images

were then overlaid to determine the percentage of Ki-67-positive nuclei. Post-hoc adjusted p values (Padj) are Tukey-adjusted for multiple pairwise

comparisons. Bars represent the average of 8 biological replicates. Error bars represent one SD above and below the mean. Representative vehicle and

cortisol Ki-67-stained cells are shown.

(C) Scratch assays of IMR-90 cells pre-treated with vehicle, cortisol, relacorilant, or cortisol + relacorilant for 2 weeks. Cells were imaged for up to 24 h (F3,8 =

7.4, p < 0.05, FC cortisol-vehicle = 2.7, Padj < 0.01 for cortisol vs. vehicle comparison). Scale bar indicates 1000 mm. Bars in the bar graph represent the average

of 3 biological replicates. Error bars represent one SD above and below the mean. Representative vehicle, cortisol, and cortisol + relacorilant images are

shown. Post-hoc adjusted p values (Padj) are Tukey multiple pairwise-comparison adjusted.

(D) Overlapping density plots of cell surface area of IMR-90 fibroblasts treated with aphidicolin and either vehicle or cortisol.

(E) Overlapping density plots of total pseudopodia length of IMR-90 fibroblasts treated with aphidicolin and either vehicle or cortisol. Image analyses

included a total of 980 vehicle-treated cells and 1026 cortisol-treated cells. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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cortisol + relacorilant for 51 days, a timepoint of prolonged treatment where we observed extensive cell

phenotype establishment. Principal component analysis (PCA) of all sequenced transcripts showed distinct

clustering of the biological replicates by treatment group, suggesting that treatment contributed to a

distinct transcriptomic profile (Figure 3A). To further characterize these profiles in conjunction with our

phenotypic findings, we performed pairwise comparisons between cortisol and each of the other treatment
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Cortisol

Cortisol + 
Relacorilant

Relacorilant

Figure 2. Chronic stress-driven GR activation and cell phenotypes in primary dermal fibroblasts from donors of different ancestry and sex

(A) Cumulative change in population doubling level (PDL) of dermal fibroblasts (White female, White male, Black female, Black male) treated with vehicle

(DMSO) or cortisol over 23 days. Points represent one biological replicate.

(B) Scratch assays of White female and Black male dermal fibroblasts pre-treated with vehicle, cortisol, relacorilant, or cortisol + relacorilant for 2 weeks. Cells

were imaged for up to 24 h (White female: F3,8 = 31.6, p < 0.0001, FC cortisol-vehicle = 2.1, padj < 0.0001 for cortisol vs. vehicle comparison; Black male: F3,8 =

13.3, p < 0.001, FC cortisol-vehicle = 1.7, Padj < 0.01 for cortisol vs. vehicle comparison). Scale bar indicates 1000 mm. Post-hoc adjusted p values (Padj) are

Tukey-adjusted for multiple pairwise comparisons. Bars in the bar graph represent the average of 3 biological replicates. Error bars represent one SD above

and below the mean. Representative White female dermal fibroblasts treated with vehicle, cortisol, and cortisol + relacorilant are shown. *p < 0.05;

**p < 0.01; ***p < 0.001; ****p < 0.0001.
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groups (vehicle, relacorilant, and cortisol + relacorilant) and identified differentially expressed genes

(DEGs) using DESeq2 (Love et al., 2014) with FDR-adjusted p < 0.01 and fold change (FC)R r1.5r. The over-

lapping 946 DEGs with the same directionality across these comparisons represent genes specifically

driven by GR activation and are thus hereinafter denoted GR-modulated DEGs (Figures 3B and 3C;

Table S1). GO-term enrichment analysis of GR-modulated DEGs revealed significant enrichment for extra-

cellular matrix, cell adhesion, migration, and proliferation (FDR-adjusted p% 0.05) (Figure 3D). Of the 946

GR-modulated genes, 401 are downregulated and 545 are upregulated with cortisol treatment. Direction-

specific GO enrichment analysis showed that downregulated GR-modulated DEGs are enriched in branch-

ing epithelium morphogenesis, cell-cell adhesion, and cell-cell signaling pathways (Figure S4A), whereas

upregulated DEGs are enriched in extracellular structure organization, cellular component movement,

and cell proliferation pathways (Figure S4B). Notably, the gene undergoing the most robust cortisol-driven

GR-modulated
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Figure 3. Chronic stress-driven GR activation modulates mRNA levels of genes with functional roles in fibroblast phenotypes

(A) Principal component analysis (PCA) plot of RNA-seq samples of IMR-90 fibroblasts treated with vehicle (DMSO), cortisol, relacorilant, or cortisol +

relacorilant, n = 6 biological replicates for each treatment group.

(B) Venn diagram showing overlap of differentially expressed genes (DEGs) across cortisol vs. vehicle, cortisol vs. relacorilant, and cortisol vs. cortisol +

relacorilant comparisons. 946 genes represent DEGs that change in the same direction that are denoted by glucocorticoid receptor (GR)-modulated genes

and labeled in yellow in the Venn diagram.

(C) Volcano plot showing differences inmRNA levels of all genes in the cortisol vs. vehicle condition. GR-modulated genes are labeled in yellow. Gene names

are shown for the top 5 most significant and most fold-changing downregulated and upregulated genes.

(D) Gene ontology (GO) biological process analysis of GR-modulated genes. GO analysis was performed using WebGestalt (WEB-based Gene SeT AnaLysis

Toolkit) (Liao et al., 2019).

(E) Normalized count plots of representative GR-modulated genes FKBP5, ZBTB16, and OPCML in vehicle, cortisol, relacorilant, and cortisol + relacorilant

samples.
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change in expression is ZBTB16 (log2 FC = +14.3), a zinc finger transcription factor previously shown to be

glucocorticoid-responsive (Wasim et al., 2010) (Figure 3C).

Individual gene count analysis of ZBTB16 but also other representative genes, such as FKBP5 andOPCML,

in RNA-seq data, confirmed that the addition of relacorilant abrogates the genomic effects of cortisol (Fig-

ure 3E). Moreover, RNA-seq results were cross-validated by performing qPCR for the same RNA samples

used in the sequencing experiment as well as in dermal fibroblasts undergoing prolonged treatment with

vehicle or cortisol (Figures S4C and S4D, though ZBTB16 gene expression was too low to be detected with

qPCR in treatment conditions other than the cortisol group (data not shown).

Chronic stress-driven glucocorticoid receptor activation induces widespread, but genomic

context-dependent, methylomic changes

Epigenetic processes can influence gene transcription and phenotypic outcomes (Cavalli and Heard, 2019;

D’Anna et al., 2020; Nanavaty et al., 2020; Zannas et al., 2019), and a widely studied epigenetic modification

in humans is DNA (CpG) methylation (Yong et al., 2016; Zannas, 2019). To examine whether functional

methylomic changes accompany the GR-driven phenotypic and transcriptomic profiles observed

above, we measured genome-wide DNA methylation of IMR-90 cells with the Illumina Infinium

HumanMethylationEPIC BeadChip at the same time point following prolonged (51-day) exposure to the

same four treatment conditions (vehicle, cortisol, relacorilant, or cortisol + relacorilant). Mirroring our

phenotypic and transcriptomic analyses, we separately determined the extent to which the methylome-

wide patterns of cells treated with cortisol differ from each of the other groups. To increase analytical

robustness, significant methylation differences for each comparison and CpG site were defined based

on FDR-adjusted p < 0.01 and DNA methylation difference >5%, and the overlapping CpGs with a consis-

tent direction of effect were determined across all comparisons. These analyses identified 21393 CpG sites

(12817 hypo- and 8576 hyper-methylated, hereinafter denoted by ‘‘GR-modulated CpGs’’), which undergo

cortisol-driven methylation changes that are abrogated by concomitant relacorilant treatment (Figures 4A

and 4B; Table S2). We cross-validated our array data by performing targeted bisulfite sequencing (TBS) in

both IMR-90 cells and dermal fibroblasts at the following representative genes: ZBTB16, PTGS1, NRP1,

FOXO3, and IL6 (Figures S4C and S4D). GO pathway analysis revealed that the GR-modulated CpGs are

enriched in genes that are involved in cellular movement, cell migration, and cell motility (Figure 4C).

Because these pathways also overlapped with those found from our RNA-seq analysis, we further investi-

gated the overlapping GR-modulated genes identified from both the RNA-seq and EPIC array analysis

(Figure S5A). GO analysis of the 428 overlapping genes showed enrichment for pathways that include

cell projection morphogenesis, cellular component movement, and locomotion (Figure S5B).

Compared to all array-covered CpG sites, the GR-modulated CpGs showed enrichment for localization

at previously identified GR ChIP-seq peaks in IMR-90 cells (Starick et al., 2015) (odds ratio (OR) 1.5, 95%

CI 1.4 to 1.6) and open sea vs. CpG-island genomic regions (OR 2.1, 95% CI 2.0 to 2.2) (all

P-values < 2.2 3 10�16; Figures 4D and 4E), overall supporting local genomic context as an important

determinant of GR-driven methylation changes. Furthermore, the GR-modulated CpGs are enriched in

enhancers, 1 to 5 kb upstream of genes localization, promoters, 50UTRs, exons, intron/exon boundaries,

and 30UTRs (Figure 4F).

Lastly, further examining our example GR-regulated gene ZBTB16 showed a characteristic epigenetic land-

scape of profound gene body hypermethylation (Figure 4G), in line with prior reports of similar epigenetic

patterns at upregulated genes (Arechederra et al., 2018; Hernando et al., 2013; Jjingo et al., 2012). This

finding prompted us to examine if gene body hypermethylation is a widespread and functional epigenetic

sequela of stress. Supporting this hypothesis, GR-driven hypermethylation was noted in the gene bodies of

188 (out of all 946) GR-regulated genes and was further enriched for localization at proliferation and

migration genes (p < 0.05). SDK1 is shown as another example gene that undergoes GR-driven gene

body hypermethylation (Figure S5C).

Because the GR is recruited to glucocorticoid-responsive genes and can modulate DNA methylation (Zan-

nas et al., 2019; Wiechmann et al., 2019; Provencal et al., 2020; Seifuddin et al., 2017; Weikum et al., 2017),

we also asked whether ZBTB16 hypermethylation is associated with enhanced GR recruitment. To address

this question, we performedGR ChIP-qPCR across the ZBTB16 gene and found that prolonged exposure to

physiological stress levels of cortisol drives GR binding in the ZBTB16 gene body (Figure 4H).
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DISCUSSION

Chronic environmental stress can profoundly impact cell and body function (Hong et al., 2020; Yang et al.,

2020; Epel et al., 2004; Joëls et al., 2004), but the underlying cellular and molecular mechanisms are poorly

understood. Here, we show that prolonged exposure to physiological stress hormone levels drives robust,

GR-mediated changes in key fibroblast phenotypes, including cell proliferation, migration, and

morphology. Importantly, these findings are present in both IMR-90 cells and in dermal fibroblast strains

from donors of different ancestry and sex, indicating that the cellular effects of chronic stress-driven GR

activation extend across different biological contexts. Moreover, the GR-driven cell phenotypes are

accompanied by concordant functional methylomic and transcriptomic changes.

Although prolonged exposure to either high non-physiological concentrations of cortisol or synthetic

(and much more potent) glucocorticoids was previously found to extend the proliferative potential of fi-

broblasts (Cristofalo, 1975; Mawal-Dewan et al., 2003; Cristofalo and Kabakjian, 1975), our study is the

first to show that physiological stress levels of cortisol are sufficient to promote not only cell proliferation

but also cell migration. Because these effects are further abrogated upon co-treatment with the selective

GR antagonist relacorilant, we propose that the GR is the primary driver of the observed stress-driven

cell phenotypes. Fibroblasts are at the forefront of wound healing (Bainbridge, 2013), a process that re-

lies on their ability to both proliferate and migrate (Bainbridge, 2013). Consequently, our findings sug-

gest that stress-driven GR activation could enhance their wound-healing capability, an adaptation that

may be necessary for survival in high-stress situations. Nevertheless, excessive fibroblast activation is

also seen in fibrotic diseases (Wynn and Ramalingam, 2012), suggesting that chronic stress could also

increase the risk for these disease conditions. Moreover, previous studies have suggested that GR ago-

nism can have detrimental effects on wound healing (Carolina et al., 2018; Jozic et al., 2017; Wang et al.,

2013), but these studies involved the use of high-dose or potent synthetic glucocorticoids or were per-

formed in vivo, where the mechanisms and pathways regulating wound healing are more complex.

Although these intriguing possibilities could not be addressed by the present study’s focus on cell

models, future in vivo studies may elucidate the exact role of GR-driven fibroblast phenotypes in health

and disease.

Corroborating our phenotypic findings, we also identified widespread GR-driven transcriptomic andmeth-

ylomic changes, including gene loci with known roles in cell proliferation and migration. These findings

build on previous work showing that glucocorticoids can lead to widespread DNA methylation changes

(Zannas et al., 2019; Seifuddin et al., 2017; Wiechmann et al., 2019; Provencal et al., 2020; Zannas,

2021a), while further showing that GR-modulated CpGs are enriched for localization at proliferation and

migration genes as identified in our transcriptomic analyses. Interestingly, the GR-modulated CpGs also

showed enrichment for localization at open sea regions, suggesting that local genomic context is impor-

tant for GR-driven methylation changes. This is in line with our previous study showing that prolonged

exposure to physiological stress hormone levels drives cumulative epigenomic changes that are also en-

riched for open sea region localization (Zannas, 2021a). Lastly, our initial unbiased approach, followed

by more fine-grained analyses on an example GR-regulated gene (ZBTB16), identified a pattern of GR-

driven hypermethylation observed widely in gene bodies. The robust effects of chronic stress on this

gene are of particular interest, given that ZBTB16 is a pleiotropic transcription factor that regulates cell

Figure 4. Chronic stress-driven GR activation induces widespread, but genomic context-dependent, methylomic changes

(A) Venn diagram showing overlap of differentially methylated CpGs across cortisol vs vehicle, cortisol vs. relacorilant, and cortisol vs. cortisol + relacorilant

comparisons. Yellow circle represents GR-modulated CpGs that show a consistent direction in methylation change across all comparisons.

(B) Volcano plot showing differences in CpG methylation levels in the cortisol vs. vehicle condition. GR-modulated CpG sites are labeled in yellow. Dotted

vertical lines represent a 5% change in methylation levels. Dotted horizontal lines represent FDR < 0.01.

(C) Gene ontology (GO) biological process pathway analysis of GR-modulated genes identified in the EPIC array analysis. GO analysis was performed using

WebGestalt (WEB-based Gene SeT AnaLysis Toolkit) (Liao et al., 2019). The top 10 most enriched pathways are shown.

(D) Enrichment analysis of differentially methylated CpGs localized at previously identified GR binding sites and open sea vs. CpG island sites.

(E) Proportion of CpGs for all EPIC array-covered and GR-modulated sites.

(F) Genic and enhancer annotations of GR-modulated CpG sites. GR-modulated enrichment is shown in black and all EPIC array-covered CpGs are shown in

gray.

(G) Metagene plot showing locally estimated scatterplot smoothing of CpG DNA methylation values across the ZBTB16 gene. Locations of CpGs and

previously identified GR binding sites are indicated. Yellow points represent DNA methylation in cortisol-treated IMR-90 cells. Black points represent DNA

methylation in vehicle-treated IMR-90 cells. Primer locations used for ChIP-qPCR are indicated.

(H) ChIP-qPCR analysis across the ZBTB16 gene. Bars represent the average of 5 biological replicates. Error bars represent one SD above and below the

mean. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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proliferation and differentiation and has been previously implicated in diverse disease states including

carcinogenesis and metabolic syndrome (Liu et al., 2016; Choi et al., 2014; �Seda et al., 2017). Moreover,

our identification of gene body hypermethylation as a widespread signature extends prior reports of similar

epigenetic patterns at upregulated genes (Arechederra et al., 2018; Hernando et al., 2013; Jjingo et al.,

2012) and suggests a role for this signature in chronic stress-driven epigenetic regulation of gene

transcription.

Taken together, our findings lead us to hypothesize a model whereby chronic stress-driven GR activation

epigenetically regulates the expression of genes with functional roles in cell proliferation and migration,

eventually influencing these key phenotypes in human fibroblasts. We speculate that such stress-driven

epigenetic regulation is fine-tuned by both the direction of effects (hypo-vs. hypermethylation) and the

specific genomic context where such changes take place (e.g., enhancers and GR binding sites).

Chronic stress has been implicated in increased risk for diverse disease entities, including cardiovascular

disease, cancer, and mental illness (Mariotti, 2015). Our study has identified that prolonged exposure to

physiological stress hormone levels has a multitude of effects at both the molecular and cellular levels,

with potentially important implications for human health. Follow-up studies may extend these findings

to other human cell types and examine the implications of chronic stress in regulating cell phenotypes

at the systems level to determine their role in health and disease.

Limitations of the study

A limitation of this study is that it is difficult to determine whether epigenetic changes precede or follow

alterations in gene expression and the extent to which some of the observed changes represent secondary

effects or mere epiphenomena of altered gene expression. Another limitation is the use of EPIC arrays,

which are cost-efficient but provide incomplete coverage of the epigenome. Future studies will be needed

to provide a more detailed spatiotemporal view of how stress-driven epigenomic patterns become estab-

lished and shape cell phenotypes.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to lead contact Anthony

Zannas (anthony_zannas@med.unc.edu).

Materials availability

This study did not generate new unique reagents.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

GR/NR3C1 Antibody (Rabbit polyclonal) Novus Biologicals Cat#NBP2-42221

normal rabbit IgG Santa Cruz Biotechnology Cat#sc-2027

Ki67 antibody (Mouse monoclonal) Santa Cruz Biotechnology Cat#sc-23900

Anti-Mouse IgG Secondary Antibody,

Alexa Fluor 488 (Donkey polyclonal)

ThermoFisher Scientific Cat#A2102

Chemicals, peptides, and recombinant proteins

Hydrocortisone Sigma Aldrich Cat#H4001

DMSO Sigma Aldrich Cat#D8418

Relacorilant Corcept Therapeutics N/A

DMEM Gibco Cat#31053-028

Fetal bovine serum (FBS) VWR Life Science Seradigm Cat#97068-085

L-glutamine Thermo Fisher Scientific Cat#25-030-081

Sodium pyruvate Gibco Cat#11360-070

Non-essential amino acids Gibco Cat#11140-050

Antibiotic-Antimycotic Gibco Cat#15240-062

ezDNase ThermoFisher Scientific Cat#11766051

Critical commercial assays

Dual-Luciferase Reporter Assay System Promega Cat#E1910

GenFind V3 DNA extraction and purification kit Beckman Coulter Cat#C34880

RNeasy Micro Kit QIAGEN Cat#74004

Super-Script IV VILO Master Mix ThermoFisher Scientific Cat#11756050

EZ DNA Methylation Kit Zymo Research Cat#D5001

Collibri PCR-free DNA Library Prep Kit ThermoFisher Scientific Cat#A38609024

Deposited data

Sequencing and microarray data Gene Expression Omnibus (GEO) GEO: GSE210304

Experimental models: Cell lines

IMR-90 lung fibroblasts Coriell Institute for

Medical Research

Cat#I90-10

Software and algorithms

ImageJ National Institutes of Health https://imagej.nih.gov/ij/

R 3.6.3 R Core Team https://www.r-project.org/
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Data and code availability

The RNA-sequencing, targeted bisulfite sequencing, and EPIC array data reported in this paper are up-

loaded in Gene Expression Omnibus (GEO) under SuperSeries accession number GEO: GSE210304.

This paper does not report original code (if no original code is used in this paper). Requests for any addi-

tional information required to reanalyze the data can be directed to the lead contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

IMR-90 (human fetal lung fibroblast) cells were obtained from the Coriell Institute for Medical Research and

authenticated using Short Tandem Repeat (STR) analysis (Capes-Davis et al., 2013, American Type Culture

Collection Standards Development Organization Workgroup et al., 2011). Primary dermal fibroblasts

(White female, age 21; White male, age 21; Black female, age 21; Black male, age 22) are derived from

an established cohort of previously characterized primary dermal fibroblasts at the National Institute of

Environmental Health Sciences (Mackey et al., 2018; Bisogno et al., 2020). Both IMR-90 and dermal fibro-

blasts were maintained in Dulbecco’s Modified Eagle Medium (DMEM) without phenol red and supple-

mented with 15% fetal bovine serum (FBS), high glucose, L-glutamine, sodium pyruvate, non-essential

amino acids, and Antibiotic-Antimycotic. Media and media supplements were purchased from

ThermoFisher Scientific. Cells were maintained at 37�C and 5% CO2 in a humid incubator, seeded at a den-

sity of 10,000 cells/cm2, and allowed to proliferate until the cells reached 90% confluency. To get a compre-

hensive picture of chronic stress-driven cell phenotypes, cell treatments were prolonged to the extent

possible (up to 81 days). Given the challenge of performing such prolonged experiments multiple times,

however, chronic treatments were shortened (but never below 2 weeks) when validating findings or extend-

ing results across paradigms. During treatment, cortisol (ThermoFisher Scientific) and relacorilant (Corcept

Therapeutics) were added to cultures for the indicated duration of time at a final concentration of 100 and

500 nM, respectively. Media was changed every 2–3 days. Both compounds were diluted in a very low final

amount of DMSO (0.0001%), and the same final DMSO concentration was used as a vehicle control in all

experiments.

METHOD DETAILS

DNA and RNA extraction

DNAwas extracted using theGenFind V3 DNA extraction and purification kit (Beckman Coulter). Total RNA

was isolated using the RNeasy Micro Kit (QIAGEN) according to the manufacturer’s instructions. DNA and

RNA concentrations were measured using the Take3 microplate spectrophotometer (BioTek).

cDNA synthesis and qPCR

200 ng of total RNA was treated with ezDNase (ThermoFisher Scientific) to degrade carry-over genomic

DNA following RNA extraction and cDNA was synthesized using the Super-Script IV VILO Master Mix

(ThermoFisher Scientific). For qPCR assay, 4 ng of cDNA was added from each sample into individual wells

of a Micro-Amp optical 96-well reaction plate (ThermoFisher Scientific). Measurements were then per-

formed using the QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems) under standard condi-

tions. Primers used for qPCR analysis are listed in Table S3.

Machine learning-based analysis of cell morphology

The machine learning pipeline used for morphological analysis was motivated by previous approaches re-

ported by Ramilowski et al. (2020a) and French et al. (2020), herein modified and expanded. IMR-90 fetal

lung fibroblast cells were treated for 2–3 weeks prior to imaging with either 100 nM cortisol or vehicle

(DMSO) treatment in 6-well plates. After this time, cells were fixed using chilled methanol and stained

with a DAPI nuclear staining. Prior to imaging, cells were treated overnight with aphidicolin and then

imaged using an EVOS FL microscope under both the Transmitted and DAPI settings, so that 2 images

per field were taken to visualize cell body and nucleus. Between 3 and 5 image sets were taken per well

and run through a trained program in ilastik (Berg et al., 2019), which identified the cell, cell boundary,

and background and binarized the image accordingly into a probability map. The probability maps

were then overlaid with DAPI images of the same field to generate composite images that were screened

for quality. A total of 12 images from cortisol-treated cells (n = 1026) and 11 images from vehicle-treated

cells (n = 980) were run through a CellProfiler pipeline, which first identified the nuclei using the

IdentifyPrimaryObjects module and then the cell body using the IdentifySecondaryObjects module. The
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MeasureObjectSizeShapemodule was then used tomeasure area, perimeter, and formfactor (circularity) of

the cells and nuclei separately. MeasureObjectSkeleton was also used to quantify cellular projections

including the number of pseudopodia projections (Number of Endpoints) and the total length of the cell

and its pseudopodia (Total Skeleton Length). These two readouts were also used to calculate the average

length per pseudopodia per cell.

Luciferase assay

IMR-90 cells were transfected using Neon system as recommended per manufacturer. Briefly, cells were

harvested, washed in PBS and resuspended in resuspension buffer R at a final density of 1.0 3 107 cells/

mL. 5 mg of pDNA was added to cell suspension, gently mixed and incubated for 5 min at room tempera-

ture, followed by electroporation. Mock transfection was performed without pDNA. Transfected cells were

diluted into 10 mL of antibiotic free media and seeded into 96 well tissue culture plate 5,000 cells per well

and let rest overnight. Next, cells were treated with vehicle, 100 nM cortisol, 500 nM relacorilant, or

cortisol + relacorilant overnight, washed with 100 mL of PBS and lysed with 50 mL of 1 X Passive Lysis Buffer

(Promega E1910). The luciferase detection was performed as described previously using a construct that

contains 2 glucocorticoid response elements (Hampf and Gossen, 2006).

Ki-67 staining

Lung fibroblasts were seeded into 12-well plates and left undisturbed for 48 h to allow for proliferation.

Cells were washed twice with 1 X PBS, fixed and permeabilized in 100% methanol for 10 min at �20�C,
washed twice with 1 X PBS, and then blocked with 2% BSA for 2 h at room temperature. Primary antibody

Ki-67 (1:100; cat no. sc-23900; Santa Cruz) was added and incubated at room temperature for 90 min. Sec-

ondary antibody donkey anti-mouse Alexa 488 (1:500; cat no. A2102 Thermo Fisher) was added and incu-

bated for 48 h at 4�C. DAPI stain was used to counterstain nuclei. Images were taken using Evos Fluorescent

Microscope. Ki-67 staining quantification was performed by determining the number of positive nuclei as a

proportion of the total number of nuclei in three representative fields of each sample. Images were

analyzed using ImageJ.

Scratch assay

Scratch assays were performed according to previous studies (Liang et al., 2007). In short, a 200 mL pipette

tip was used to generate a straight line ‘‘scratch’’ on a 90–100% confluent monolayer of cells in a 12-well cell

culture plate. Each well was then imaged under a light microscope every 6 h until the scratched region was

filled in with cells. The rate of migration was determined by ImageJ analysis.

RNA-sequencing and analysis

RNA-seq libraries were prepared and sequenced on an Illumina HiSeq 4000 with 150 bp paired-end reads

at Novogene Co., Ltd. (Sacramento, CA, USA). Reads were aligned to the human reference genome hg38

using STAR at default settings (Dobin et al., 2013). Differentially expressed genes were identified using DE-

Seq2 (Love et al., 2014).

EPIC DNA methylation array measurements

DNA was extracted using the Genfind V3 DNA extraction kit (Beckman Coulter, Brea, CA, USA) according

to manufacturer instructions. DNA concentration and purity were determined using the Take3 microplate

spectrophotometer (BioTek Instruments, Winooski, VT, USA). Extracted DNA was bisulfite converted using

EZ DNA Methylation Kit (Zymo Research, Irvine, CA, USA), and genome-wide DNA methylation was

measured with the Illumina Infinium HumanMethylationEPIC BeadChip (EPIC), which assays DNA methyl-

ation at >850000 CpG sites (Pidsley et al., 2016). Based on standard quality control procedures, the

following probes were removed: (i) previously identified cross-reactive and polymorphic probes (Chen

et al., 2013); (ii) CpG probes with less than 3 beads or with a detection p value over 1% in at least 1% of

the samples assayed; (iii) CpG probes mapping to the Y chromosome (given that IMR-90 cells originate

from a female fetus); and (iv) probes containing SNPs with a minor allele frequency >1% located within

10 bases of the CpG. Following this standardized procedure, a total of 709065 CpG were included in sub-

sequent analyses. Raw signal intensities were normalized with subset quantile normalization available in

the minfi package (Aryee et al., 2014). Normalized intensity values were then converted into beta values,

which were used in all analyses. To adjust for technical batch effects, EPIC arrays were run after randomizing

DNA samples from different treatment conditions across plate, chip, row, and column. The lack of
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significant batch effects in the data was confirmed with iterative covariate inspection after principal compo-

nent analysis as implemented in the RaMWAS pipeline (Guintivano et al., 2020; Shabalin et al., 2018).

Targeted bisulfite sequencing (TBS)

DNA was bisulfite-converted using the EZ DNAMethylation Kit (Zymo Research). Methylation-specific PCR

was then performed using EpiTaq HS (Takara Bio) to amplify bisulfite-treated template DNA. Libraries were

generated using the Collibri PCR-free DNA Library Prep Kit (ThermoFisher Scientific). In brief, adapters with

unique dual indexes were ligated to amplicons, pooled, and then sequenced on an Illumina HiSeq4000 with

150 bp paired-end reads at Novogene Co., Ltd. (Sacramento, CA, USA). Reads were aligned to the hg19

genome and methylation calls were performed using Bismark (Krueger and Andrews, 2011). For each

gene amplicon, the averages of all CpG methylation levels were calculated and used to compare vehicle

and control groups.

ChIP-qPCR

Cells were treated with either vehicle or cortisol for 18 continuous days and then crosslinked with 1% form-

aldehyde in PBS at 37�C for 10 min. The reaction was quenched with 125 mM glycine at 37�C for 5 min. Cells

were washed with PBS and lysed in hypotonic buffer (10 mM HEPES-NaOH, 10 mM KCl, 10 mMMgCl2, 10%

glycerol, 0.1% Triton X-100). Chromatin was then sheared to an average size of 150–800 bp in shearing

buffer (10 mM Tris pH 8, 1 mM EDTA, 0.5 mM EGTA, 5 mM sodium butyrate, 0.1% SDS). Chromatin was

then diluted in IP buffer (2 mM EDTA, 150 mMNaCl, 20 mM Tris pH 8). Anti-GR antibody (NBP2-42221; No-

vus Biologicals) or IgG (sc-2027; Santa Cruz Biotechnology) were added and the samples were incubated at

4�C overnight with rotation. Protein A and Protein G Dynabeads (ThermoFisher Scientific) were added to

each sample and rotated for 2 h at 4�C. Beads were washed once with low salt buffer (20mMTris pH 8, 2mM

EDTA, 150 mM NaCl, 0.1% SDS, 1% Triton X-100), high salt buffer (20 mM Tris pH 8, 2 mM EDTA, 500 mM

NaCl, 0.1% SDS, 1% Triton X-100), LiCl buffer (10 mM Tris pH 8.0, 250 mM LiCl, 2 mM EDTA, 1% NP-40), and

10:1 TE buffer (10 mM Tris pH 8, 1 mM EDTA). Elution buffer (1% SDS and 100 mM NaHCO3) was added to

beads and incubated at 65�C for 30 min. Reverse crosslink buffer (20 mM Tris pH 8, 10 mM EDTA, 5 mM

EGTA, 1% SDS, 300 mM NaCl, with RNase A) was added to the samples and incubated overnight at

65�C. The next day Proteinase K was added to the samples and incubated at 55�C for 2 h. DNA was isolated

using MinElute columns (QIAGEN). Primers used for ZBTB16 ChIP-qPCR are listed in Table S3.

QUANTIFICATION AND STATISTICAL ANALYSIS

One-way ANOVA analysis followed by Tukey multiple pairwise-comparisons were used to assess group dif-

ferences in cell proliferation and migration as well as qPCR data between vehicle, cortisol, relacorilant, and

cortisol-relacorilant groups. For cell morphology data, outliers were identified and excluded from results

using the interquartile range method, and all morphology measures were analyzed using the Mann-

Whitney test. Pairwise between-treatment methylation differences at individual CpGs were assessed using

Student’s t-test. To assess the localization of CpGs within GR binding sites, analyses used online available

GR ChIP-seq peaks previously identified in IMR-90 cells (Starick et al., 2015). Localization for genomic re-

gion (open sea, shelf, shore, CpG island) was performed using the EPIC array annotation (manifest file)

derived through the minfi package (Aryee et al., 2014). Enrichment analyses were performed using Fisher’s

exact test with all EPIC array-covered CpGs as background. All p values were two-tailed, correction for mul-

tiple testing for genomic data was done with the false discovery rate method, and results were considered

statistically significant based on an adjusted threshold of a = 0.05. All statistical analyses were conducted in

R version 3.6.3.
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