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Glucocorticoid‑dependent 
transcription in skin requires 
epidermal expression 
of the glucocorticoid 
receptor and is modulated 
by the mineralocorticoid receptor
Lisa M. Sevilla1, Judit Bigas1, Álvaro Chiner‑Oms1, Iñaki Comas1, Vicente Sentandreu2 & 
Paloma Pérez1*

Glucocorticoid (GC) actions are mediated through two closely related ligand‑dependent transcription 
factors, the GC receptor (GR) and the mineralocorticoid receptor (MR). Given the wide and effective 
use of GCs to combat skin inflammatory diseases, it is important to understand the relative 
contribution of these receptors to the transcriptional response to topical GCs. We evaluated the gene 
expression profiles in the skin of mice with epidermal‑specific loss of GR  (GREKO), MR  (MREKO), or both 
(double KO; DKO) in response to dexamethasone (Dex). The overall transcriptional response was 
abolished in  GREKO and DKO skin suggesting dependence of the underlying dermis on the presence 
of epidermal GR. Indeed, the observed dermal GC resistance correlated with a constitutive decrease 
in GR activity and up‑regulation of p38 activity in this skin compartment. Upon Dex treatment, 
more than 90% of differentially expressed genes (DEGs) in CO overlapped with  MREKO. However, the 
number of DEGs was fourfold increased and the magnitude of response was higher in  MREKO vs CO, 
affecting both gene induction and repression. Taken together our data reveal that, in the cutaneous 
transcriptional response to GCs mediated through endogenous receptors, epidermal GR is mandatory 
while epidermal MR acts as a chief modulator of gene expression.

Glucocorticoid (GC) derivatives are widely used as topical treatments to combat skin inflammatory diseases 
due to their anti-proliferative and anti-inflammatory  actions1–3. However, the outcome of GC treatments is 
highly variable among patients, with differences in sensitivity occurring due to a variety of factors, many of 
which are still to be defined. GC response can be influenced by heritable mutations or polymorphisms in GR 
and resistance that develops as a consequence of pathological  processes4. Some patients show adverse effects 
following short treatments while others tolerate GCs well for longer time  periods4. Inadequate GC therapy, due 
to generalized rather than patient-specific treatment strategies, results in reduced efficacy and also constitutes a 
socio-economic burden with considerable impact on health care costs. Moreover, detrimental side effects rang-
ing from skin thinning to impaired wound healing preclude long term  treatments5. Understanding differential 
responses among patients holds promise to optimize current GC based therapies minimizing unwanted effects 
and maximizing therapeutic responses.

GC effects can be mediated through the closely related GC receptor (GR) and the mineralocorticoid recep-
tor (MR), which are ligand-dependent transcription  factors3. We previously assessed the relative roles of these 
receptors in the skin by generating mice with epidermal-specific inactivation of GR, MR, or both (hereafter, GR 
epidermal KO/GREKO, MR epidermal KO/MREKO, or double GR/MR epidermal KO/DKO, respectively)6–8. The 
characterization of these mouse models demonstrated that: i) during development, epidermal GR and MR play 
non-overlapping functions and act cooperatively to regulate skin morphogenesis; and ii) in adulthood, neither 
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GR nor MR are required in the epidermis under basal circumstances; however, both act as anti-inflammatory 
mediators in pathological conditions.

We have also demonstrated that both epidermal GR and MR are required for the anti-proliferative and protec-
tive actions of GCs in inflamed skin as the effects of Dex were drastically reduced in  GREKO,  MREKO, and DKO 
 mice8. However, while GC targets have been previously reported in human cultured keratinocytes and  skin9,10, 
the relative contribution of GR and MR to GC actions remains unknown. This study aims to understand the 
global contribution of the endogenous GC receptors, individual or combined, to the GC transcriptional response 
in the whole tissue, by using an in vivo approach.

Results
To understand the relative contribution of epidermal GR and MR to the skin transcriptional response to GCs, we 
topically treated CO,  GREKO,  MREKO, and DKO  mice6–8 with dexamethasone (Dex) or vehicle (V) for 24 h. RNA-
sequencing was performed using whole skin and differentially expressed genes (DEGs) within each genotype 
were identified by calculating the fold-change (FC) of Dex vs V (Dataset S1; FDR < 0.05).

Dex treatment affected the expression of 548 genes in CO skin (Fig. 1a; 254 genes up-regulated, 294 down-
regulated). Importantly, GC-dependent transcription was totally abolished in  GREKO skin while the loss of epider-
mal MR had a major impact on the GC response as 2240 genes were regulated by Dex in  MREKO skin, a fourfold 
increase relative to CO (Fig. 1a; 948 genes up-regulated, 1292 down-regulated). The overlapping of DEGs between 
CO and  MREKO was more than 90% (Fig. 1b). The response to GCs in DKO skin was virtually abolished with 
only 17 DEGs being identified (Fig. 1a; 8 up-regulated, 9 down-regulated).

It is feasible that the epidermal-specific loss of GR or MR induced changes in the expression of either recep-
tor in the epidermal and/or dermal compartments as a mechanism of functional compensation. To address 
this, we assessed the basal expression of Nr3c1 (GR) or Nr3c2 (MR) in vehicle-treated CO,  GREKO, and  MREKO 
mice, by RT-qPCR (Fig. S1). In CO mice, relative Nr3c1 expression was higher in the epidermis as compared to 
the dermis while that of Nr3c2 showed the opposite pattern, with higher levels in the dermis (Fig. S1; 0.5-fold 
and 3–4-fold, respectively). As expected, Nr3c1 expression was nearly absent in  GREKO epidermis while Nr3c2 
expression was undetectable in  MREKO epidermis (Fig. S1). No other changes in Nr3c1/Nr3c12 expression were 
detected between genotypes or compartments (Fig. S1).

Epidermal GR is mandatory for the transcriptional response to GCs in skin. We have previ-
ously shown that the lack of GR in cultured keratinocytes almost completely eliminates the GC transcriptional 
 response7,11,12, indicating that MR cannot compensate for its loss. However, what was most striking here was the 
lack of responsiveness to GCs in the whole skin of  GREKO and DKO mice, suggesting dependence of the dermal 
compartment on the presence of epidermal GR. To elucidate this, CO and  GREKO mice were topically treated 
with Dex or vehicle for 24 h, and after the separation of epidermis and dermis, the expression of the GC targets 
Ddit4, Cebpd, and Fkbp51 was assessed by RT-QPCR in each genotype and compartment.

In the epidermis, Dex induced Ddit4 and Fkbp51 expression in CO, which was abolished in  GREKO; while 
Cebpd was not significantly up-regulated in the epidermis of either genotype (Fig. 2a). Importantly, the up-
regulation of Ddit4 and Cebpd in the dermis of Dex-treated CO skin was also strongly decreased in  GREKO; 
Fkbp51 was not significantly induced in the dermis of either genotype (Fig. 2a). This decreased response to GCs 
correlated with basal decrease of GR activity (p-Ser 211/GR ratio) in dermal extracts from  GREKO vs CO mice, 

Figure 1.  Response to topical glucocorticoids in CO,  GREKO,  MREKO, or DKO mouse skin. (a) Differentially 
Expressed Genes (DEGs) in CO,  GREKO,  MREKO, or DKO skin, topically treated with Dex or vehicle (V) for 24 h. 
DEGs in DKO are shown as an inset. Note the dramatic loss of transcriptional response in  GREKO and DKO skin 
and the increase in DEGs in  MREKO. (b) Venn diagrams comparing lists of DEGs. Note the majority of DEGs 
identified in CO overlap with those identified in  MREKO.
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as shown by immunoblotting (Fig. 2b,c; vehicle-treated samples). Also, the Dex-induced GR autologous down-
regulation in dermal extracts from CO indicated an abnormal response to GCs in  GREKO dermis (Fig. 2b,c).

We examined whether this GC-resistance was related to the constitutive activation of p38 MAPK, as reported 
for other cell  types13–20. Immunoblotting followed by quantitation of p-p38/p38 ratio showed constitutive increase 
of p38 activity in dermal extracts of  GREKO relative to CO (Fig. 2b,c; fourfold). These data indicate that the absence 
of epidermal GR can trigger GC resistance in the underlying dermis.

Epidermal MR acts as a chief modulator of GR‑dependent regulation. The increased number of 
genes regulated by Dex in  MREKO vs CO skin pointed to epidermal MR as a chief modulator of the cutane-
ous response to GCs. A hierarchical clustering showed that in vehicle-treated samples the relative expression 
of DEGs was almost identical in CO and  MREKO (Fig. 3a). In response to Dex, the pattern of gene expression 
changes was also similar in both genotypes (Fig. 3a). However, the overall magnitude of the response to Dex was 
more pronounced in  MREKO relative to CO (Fig. 3a,b; note the scale of X axes). While the number of DEGs was 
fourfold higher in  MREKO relative to CO, the proportion of up- and down-regulated genes was similar in both 
genotypes (Fig. S2, approximately 50%). Importantly, 95% of up-regulated genes and 90% of down-regulated 
genes in CO were coincident with those in  MREKO (Fig. 3c).

Gene ontology (GO) clustering of DEGs identified in CO and  MREKO revealed biological processes that were 
overrepresented in response to Dex regardless of the presence or absence of epidermal MR (Fig. 3c and Dataset 
S2). For the up-regulated genes, the more overrepresented category was regulation of transcription (11.8%), 
which highlights the relevance of short-term GC treatments on transcription factor expression. This category 

Figure 2.  Glucocorticoid-dependent transcription is strongly impaired in  GREKO epidermis and dermis. 
(a) Fold-change (FC) in expression of Ddit4, Cebpd, and Fkbp51 in Dex vs Vehicle treated epidermis (EPI) 
or dermis (DER) was assessed by RT-qPCR in CO and  GREKO. n = 4 replicates per genotype and treatment. 
(b) Immunoblotting of CO and  GREKO dermal extracts using specific antibodies for GR, p-GR (S211), p38, 
and p-p38. Actin was used as a loading control. Cropped blots are displayed; uncropped blots are included 
as Supplementary Information file S1. (c) Quantitation of protein expression. n = 3–5 replicates per genotype 
and treatment. In (a, c) statistically significant changes between Dex/V are denoted by asterisks and significant 
differences between genotypes by pound signs (*, #p < 0.05; **, ##p < 0.01).
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Figure 3.  Heatmap and gene ontology clustering of Differentially Expressed Genes (DEGs) in CO and 
 MREKO skin. (a) Heatmap of Differentially Expressed Genes (DEGs) in CO and  MREKO skin, per genotype and 
treatment. Note that samples first cluster by treatment and then by genotype. The heat map was generated using 
the ’pheatmap’ package (v 1.0.12) in the R statistical language (v 3.4; https ://CRAN.R-proje ct.org/packa ge=pheat 
map). (b) Log2 fold-change Dex/V vs Log10 adj-pvalue Dex/V. (c) Gene ontology (GO) clustering of DEGs that 
overlapped in CO and  MREKO skin (top); or were uniquely identified in  MREKO (bottom). The GO process, total 
count and percentage of genes, and p value, are indicated.

https://CRAN.R-project.org/package=pheatmap
https://CRAN.R-project.org/package=pheatmap
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included well known GC-target genes such as Zbtb16, Tsc22d3/Gilz1, Per1, Bcl6, Nfil3, Txnip, and Cebpd (Data-
set S2). Other enriched processes were regulation of apoptosis (11.8%) and cell proliferation (7.1%), including 
Bcl2l1, Angptl4, Zbtb16, and Nfkbia genes, among others. The highest percentage of genes down-regulated in 
both CO and  MREKO were related to cell cycle (20.5%), including E2f1, Aurka, Ccna2, Ccnd1, Uhrf1, Mki67, 
Cenpf, Birc5, and Plk1 (Fig. 3c and Dataset S2). Other overrepresented categories were DNA metabolic process 
(8.8%) and phosphate metabolic process (8%). Altogether, these data are consistent with the key role of GCs in 
the homeostasis of cutaneous  tissue2.

GO clustering of the DEGs that appeared uniquely in the  MREKO list identified several categories that were 
coincident to those overrepresented in gene sets common to CO and  MREKO, including regulation of apoptosis 
(4.6%; e.g. Foxo1, Foxo3, Cited2, Vdr, Myc, Bcl2l11, and Cdkn1a) and cell cycle (6.7%; e.g. Aurkb, Ccne1, Ccnf, 
Cdk6, Cdk4, Chek1, Ccnb1, and Ccnb2) (Fig. 3c and Dataset S2). These findings show that correct gene regulation 
by GCs occurs via MR-independent and -dependent manners.

Importantly, DEGs unique to  MREKO also clustered into novel GO categories (Fig. 3c and Dataset S2). The up-
regulated genes were related to phosphate metabolic process (7%), hexose metabolic process (2.3%), ubiquitin-
dependent protein catabolic process (1.7%), and regulation of hormone levels (1.7%). Interestingly the genes 
uniquely down-regulated in  MREKO clustered into categories that were crucial for GC-mediated responses in the 

Figure 4.  The loss of epidermal MR has a major impact in the cutaneous response to topical glucocorticoids. 
Fold change of indicated genes (Dex/V) assessed in control (CO) and  MREKO skin by RT-qPCR. (a) Down-
regulated genes. (b) Up-regulated genes. Statistically significant changes between Dex/V within each genotype 
are denoted by asterisks and significant differences between fold changes in CO and  MREKO by pound signs (*, 
#p < 0.05; **, ##p < 0.01; ***, ###p < 0.001).

Figure 5.  Glucocorticoid-regulation of target genes is paradoxically diminished in cultured  MREKO vs CO 
keratinocytes. RT-qPCR analysis of gene expression in CO and  MREKO keratinocytes treated with indicated 
concentrations of Dex for 3 h. Fold changes (Dex/Vehicle) in Igfl3 and Tfcp2l1 are shown. Statistically significant 
changes between Dex/V within each genotype are denoted by asterisks and significant differences between fold 
changes in CO and  MREKO by pound signs (**, ##p < 0.01; ***, ###p < 0.001; n = 3).
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cutaneous tissue such as defense response (3.4%), cytoskeleton organization (3%), response to wounding (3%), 
fatty acid metabolism (2.6%), epithelium development (2.6%), inflammatory response (1.9%), regulation of T 
cell activation (1.7%), and steroid metabolic process (1.5%) (Fig. 3c and Dataset S2). These categories included 
key genes such as Cxcl9, Cxcl10, Tnf, Ptgs2, Krt14, Edaradd, Fdps, and Sc5d.

Gene expression changes were confirmed by RT-qPCR. Cell cycle related genes such as Ccna2, Cdk1, and 
Foxm1, and the chemokine Cxcl10 were repressed by Dex while Ddit4, Igfl3, Mt1, Tfcp2l1, and Tsc22d3/Gilz1, 
were induced (Fig. 4). Importantly, all the genes assessed showed significant differences in the magnitude of 
response of CO and  MREKO, except for Cxcl10 and Tsc22d3/Gilz1 (Fig. 4). These results indicate that the lack of 
epidermal MR results in more pronounced transcriptional response to Dex in skin, affecting both gene induc-
tion and repression.

These data were unexpected as we previously reported that the loss of MR function in keratinocytes, either 
in  MREKO or in CO cells treated with the MR antagonist eplerenone, decreased Dex-mediated induction of a 
GRE-luc  reporter7. Therefore, to evaluate this apparent paradox, we assessed Igfl3 and Tfcp2l1 expression in 
CO and  MREKO keratinocytes treated with varied concentrations of Dex for 3 h (Fig. 5). Interestingly, at lower 
concentrations of Dex (10 nM), there was no difference in upregulation of Igfl3 between genotypes; however 
the decreased induction in  MREKO became clear at 100 nM. In the case of Tfcp2l1, there were no statistically 
significant differences at any concentration; however there was a trend towards decreased induction that was 
more evident at 100 nM.

Next, we assessed the expression of several identified DEGs after Dex treatment in the epidermis and dermis 
of CO and  MREKO mice (Fig. 6). Consistent with the results in cultured keratinocytes, Igfl3 and Tfcp2l1 showed 
a trend towards decreased induction in the epidermis of  MREKO relative to CO (Fig. 6a,b). However, both genes 
showed a trend towards increased up-regulation in the dermis of  MREKO vs CO (Fig. 6a,b). We also assessed the 
expression of genes repressed by Dex such as Ccna2 and Foxm1 (Fig. 4a). There was an overall trend towards 
strong repression of these genes in the epidermis and dermis of  MREKO vs CO mice; however, there were no 
statistically significant differences among genotypes (Fig. 6c,d). These results suggest a shift in the homeostasis 
of  MREKO skin compartments, altering GC responsiveness throughout the tissue.

Taken together our data show that epidermal GR and MR are required for appropriate response to topical 
GCs with their loss having repercussions on underlying dermis.

Figure 6.  Evaluation of glucocorticoid-mediated gene regulation in CO and  MREKO epidermis and dermis. 
Fold-change (FC) Dex/V expression of Igfl3 (a), Tfcp2l1 (b), Ccna2 (c), and Foxm1 (d), in epidermis and dermis 
of control (CO) and  MREKO mice. Statistically significant changes between Dex/V within each genotype are 
denoted by asterisks (*p < 0.05; **p < 0.01; ***p < 0.001).
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Discussion
This study addresses for the first time the relative contribution of endogenous GR and MR to the transcriptional 
response to topically applied GCs. Our data showed that the epidermal loss of GR or MR resulted in opposite 
responses to GCs: while  GREKO mice were refractory to Dex,  MREKO featured both a higher number of Dex-
regulated genes and an increased magnitude of response (Figs. 1, 3, and 6).

These data highlight the importance of the relative expression of both epidermal receptors for the GC 
response. While the loss of epidermal GR resulted in decreased GR activity in the dermal compartment (Fig. 2), 
the loss of epidermal MR had an impact on GC-dependent gene expression not only for keratinocytes but for 
the whole tissue (Fig. 4).

While previous data showed a central role for GR in the Dex response in  keratinocytes7,11,12, this work dem-
onstrates that epidermal GR is absolutely required for GC-dependent gene expression in the whole tissue. The 
lack of Dex responsiveness of  GREKO skin also indicates that in the absence of GR, endogenous MR per se is not 
transcriptionally efficient. These data are consistent with the fact that in  GREKO keratinocytes Dex response was 
restored upon transfection of GR or MR although the magnitude of the response was one order higher for GR 
relative to  MR7. Also, in DKO cells, we showed that 40 fold more MR than GR was needed to achieve similar 
induction of a GRE-luc  reporter8.

GC synthesis and release are under the control of the hypothalamic–pituitary–adrenal neuroendocrine axis, 
which acts as a major regulator of skin integrity and function. In addition to the adrenal source of GCs, the skin 
can produce steroidogenic enzymes and extra-adrenal GCs, allowing for an immediate tissue-specific  response21. 
Local GC synthesis occurs in both epidermis and dermis, and plays a major role in cutaneous homeostasis and 
pathological  conditions22–27. Indeed, it has been reported that local GC deficiency and reduced GR expression in 
human psoriatic lesions contributed to the pathogenesis of the  disease28,29. Also, we reported that in homeostatic 
conditions, endogenous corticosterone levels in skin were significantly higher in  GREKO relative to CO mice, likely 
as an attempt to compensate for the loss of GR in  keratinocytes28. We speculate that the excess of locally produced 
corticosterone in  GREKO mice is a major contributing factor to the dermal resistance to topically applied GCs.

Another possible mechanism for the GC resistance in the dermal compartment of  GREKO is the constitutive 
up-regulation of p38 pathway (Fig. 2). While the increased p38 activity appears to be below a threshold for induc-
ing overt changes in phenotype, it does leave the mice poised for increased susceptibility to  inflammation6,8,30. 
It is also feasible that the main consequence of p38 activation in the dermis would be inactivation of dermal GR 
(Fig. 2). Given that p38 pathway is over activated in pathologies such severe asthma or  COPD12, our data sug-
gest that co-treatments of GCs and p38 antagonists may also be useful for treating skin inflammatory diseases.

Despite the high structural and functional homology between GR and MR, and in particular the identity in 
their DNA binding domain (greater than 90%), the global or epidermal-specific phenotypes of the knock-out 
mouse models for these transcription factors clearly indicate that they do not play overlapping  functions3. It is 
thus expected that they regulate different gene subsets, as recently shown by in vitro and in vivo  data8,31–34. It is 
also expected that the relative functions of GR and MR, either alone or combined depend on the cell-type. In 
this regard, the generation of double GR/MR tissue-specific knock-outs has demonstrated that while GR and MR 
cooperate to regulate skin  morphogenesis8, these transcription factors play opposite roles in  cardiomyocytes35.

The DEGs identified in in this study as well as the overrepresented processes are highly coincident with 
those recently reported in human skin treated with  clobetasol10, further validating the use of mice to model 
skin responses to GCs. The fact that proliferation and apoptosis, two crucial processes modulated by GCs, were 
overrepresented in both CO and  MREKO suggest that epidermal MR may not be strictly necessary for these GC 
actions. However, as proliferation and apoptosis were also overrepresented in  MREKO, it is feasible that the absence 
of epidermal MR modulates the sensitivity to GCs of specific gene subsets.

The idea that endogenous epidermal MR may modulate the skin sensitivity to GCs would support the topi-
cal use of MR antagonists in combination with GCs as an advantageous therapeutic approach. However, it is 
crucial to address first the question of whether an increased response to GCs is beneficial per se, or could rather 
mediate some of the GC-associated adverse effects; these options are not mutually  exclusive7. It is known that 
the induction or repression of GC targets above or below proper threshold can contribute to detrimental effects 
of GC excess in several tissues. For example, up-regulation of Zbtb16 and Txnip/Vdup has been reported in bone 
tissue in Cushing  patients36,37. It is also worth noting the high overlap between the DEGs identified in this study 
and the gene expression changes in human skin of aged vs young  subjects10.

The consequences of the higher response to topical GCs in  MREKO vs CO skin are difficult to interpret. On one 
hand, the repression of Foxm1, a transcription factor contributing to the proliferation/differentiation balance in 
keratinocytes, as well as its target genes Cenpf, Top2a, Ccna2, Birc5, and Plk1, was twofold higher in  MREKO vs 
CO (Dataset S1 and Fig. 4). Also, additional FOXM1 target genes such as Ccnb1 and Ccnb2 were down-regulated 
by Dex only in  MREKO skin (Dataset S1). However, several anti-inflammatory genes such as Tsc22d3 or the 
GC-responsive chemokine Cxcl10 were similarly regulated by Dex in both genotypes (Fig. 4). While these data 
indicate that GCs differentially affect specific gene subsets depending on the presence or absence of epidermal 
MR, it is difficult to conclude whether combined treatments with MR antagonists and GCs would be superior 
to GCs alone.

Recent work has demonstrated that GR can form diverse oligomerization complexes including tetramers 
formed by dimers of  dimers38. Whether GR and MR can also form higher-order complexes, including tetramers, 
cannot be excluded. Also, other mechanisms such as the tethering of the MR upon GR-bound DNA have been 
reported to increase GC transcriptional responses, independently of the MR  DBD39.

We speculate that the lack of epidermal MR could alter the GR recruitment to the regulatory sequences of 
GC-target genes or modify the pattern of GR interaction with co-regulators and/or chromatin modifying pro-
teins. While these hypotheses need to be confirmed by high throughput approaches, the identification of the 
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transcriptomic profiles elicited by topical GCs in this work contributes to understanding the relative roles of the 
endogenous epidermal GR/MR in transcriptional regulation in the skin.

Materials and methods
Mice. Mouse experimentation was performed following current Spanish and European regulations and sub-
jected to approval by the ethics committee of the Instituto de Biomedicina de Valencia IBV-CSIC (ID for project 
SAF2014-59474-R; SAF2017-88046-R). Groups of 3 to 6 of mice were housed in conventional cages with ad libi-
tum access to food and water, controlled temperature (20–22 °C), humidity (50–60%) and a 12-h light:dark cycle.

Mice with the third exon of Nr3c140 and/or Nr3c241 flanked by loxP sites were crossed with those expressing 
Cre under the control of the keratin 5 promoter (K5-Cre)42 to generate mice lacking epidermal GR  (GREKO)6, MR 
 (MREKO)7, or both (DKO)8. Mice were kept on the B6D2 background and littermates with loxP flanked Nr3c1 
and/or Nr3c2 were used as controls. Genotyping was performed using primers in Table S1.

Dorsal flanks of 2-month old female mice in the telogen phase of the hair cycle were shaved 48 h prior to 
topical treatment with Vehicle (acetone; left flank) or 8 µg Dex (right flank; Sigma), which was carried out in the 
morning. Upon sacrifice at indicated timepoints, skin was collected and snap frozen in liquid nitrogen.

RNA isolation and quantitative RT‑PCR. RNA from mouse cells or tissues was isolated using Trizol 
(Invitrogen, Carlsbad, California, USA). Tissues were homogenized in Trizol with a polytron (PT1600E, Kin-
ematica, Luzern, Switzerland). The RevertAid H Minus Reverse Transcriptase kit (ThermoFisher) was used to 
generate cDNA. The Quant Studio 5 Real-Time PCR System (Applied Biosystems, Foster City, California, USA) 
was used for QPCR with gene specific oligonucleotides (0.3 μM each) and the FastStart Universal SYBR Green 
Master mix ROX (Merck). Cts were normalized to those of the housekeeping gene Hprt1. Technical triplicates 
were used; and 3–6 biological replicates per experimental group were assessed to calculate the mean value ± SD. 
Primer sequences are in Table S1 and those from Primer Bank are indicated in table with corresponding  ID43.

RNA‑sequencing and bioinformatic analysis. CO,  GREKO,  MREKO or DKO mice (n = 3/genotype) were 
treated with vehicle or 8 µg Dex for 24 h and then sacrificed and RNA was prepared from dorsal skin. Integrity 
of total RNA in the samples was assessed with the Agilent 2100 Bioanalyzer using the RNA 6000 nano Kit (Agi-
lent Technologies, Santa Clara, CA, USA). Purified RNA from each sample was prepared for sequencing using 
the TruSeq Stranded mRNA Sample Preparation Kit with PolyA selection for ribo depletion (Illumina Inc., San 
Diego, CA, USA). Libraries were sequenced on Illumina NextSeq 500 instrument. Depth of 2237 million single 
75 pb reads were generated for each sample.

Raw sequence reads were checked for quality, adapter trimmed and filtered using Cutadapt v1.8.344 and 
FastQC v0.11.845. Trimmed sequences were mapped to the Mus musculus genome (assembly: GRCm38, anno-
tation: Ensembl release 87) using TopHat2 (v2.1.0)46. Seqmonk version 1.4147 was used for quality control, 
visualization, and quantification. Raw read counts were generated by counting uniquely mapped reads over 
protein-coding genes using the RNA-seq quantification pipeline assuming opposing strand specificity. Down-
stream expression analysis was conducted with the EdgeR R/Bioconductor package (v3.20.9) using R (v3.4.4)48. 
Genes that not satisfy the condition of having at least 1 count-per-million in at least 3 samples were removed. 
Differential gene expression analyses between experimental defined groups were performed using generalized 
linear model approach and quasi-likelihood F-test 40. Benjamini–Hochberg false discovery rate (FDR) q val-
ues ≤ 0.05 was considered to be significant. The heat map was generated from a cluster analysis of the normalized 
read counts (scaling in a per gene basis using the z-score ((x − µ)/σ), euclidean distance, complete-linkage) using 
the ’pheatmap’ package (v 1.0.12) in the R statistical language (v 3.4; https ://CRAN.R-proje ct.org/packa ge=pheat 
map). Gene ontology was determined using DAVID functional clustering with an EASE score less than 0.05 and 
medium  stringency48,49.

Separation of skin compartments. Following excision of dorsal skin, the hypodermis was removed by 
scraping the underside of the skin with a scalpel. Next, the remaining skin was floated dermal side down in 3.8% 
ammonium thiocyanate in DPBS for 10 min at room temperature. The epidermis was then separated from the 
dermis; both tissues were washed extensively in DPBS, minced and snap frozen in liquid  N2.

Immunoblotting. Lysates from whole skin, epidermis, dermis or cultured cells were prepared as previously 
 described7 using buffers supplemented with Complete protease and phosphatase inhibitor cocktails (Merck). 
Protein concentrations were measured using Bradford reagent (BioRad, Hercules, California, USA) and 20–30 µg 
of protein/sample was boiled in Laemmli buffer, separated on SDS-PAGE, and transferred to Hybond ECL nitro-
cellulose (GE Healthcare, Illinois, USA). Nitrocellulose membranes were stained with Ponceau S (Merck) to ver-
ify equal protein loading and transfer prior to blocking and antibody incubations. Primary antibodies used were 
from Cell Signalling Technology (Danvers, Massachusetts, USA): p-GR  Ser211, #4161S, 1/2000; p-ERK  Thr202/
Tyr204, #4376, 1/1000; p-p38  Thr180/Tyr182 #4631, 1/1000; p-JNK  Thr183/Tyr185 #9251, 1/1000, and JNK #9252, 
1/1000; Santa Cruz Biotechnology (Dallas, Texas, USA): GR, sc1004, 1/2000; Sigma: actin, A2066, 1/4000; and 
tubulin, T6199, 1/4000. Peroxidase-conjugated secondary antibodies were from GE Healthcare: anti-rabbit, 
NA934 and anti-mouse NXA931. Immunoreactive bands were detected using Pierce ECL Plus Western Blotting 
Substrate (ThermoFisher) and the ImageQuant 4000 Biomolecular Imager (GE Healthcare). Band intensities 
were quantitated using Image J software and were normalized to the loading controls, actin, or tubulin.

Cell culture. Unless otherwise mentioned cell culture reagents were from Biowest (Nuaillé, France).

https://CRAN.R-project.org/package=pheatmap
https://CRAN.R-project.org/package=pheatmap
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J2-3T3 fibroblasts were maintained in DMEM supplemented with 7.5% bovine serum (Gibco, ThermoFisher), 
100 U/ml penicillin/100 μg/ml streptomycin, 2 mM glutamine and 0.25 μg/ml amphotericin B.

Fibroblasts were used only as feeders for culture and maintenance of the spontaneously immortalized 
keratinocyte cell lines, which was previously  described7,8,11. For that purpose, mitotically inactivated J2-3T3 
fibroblasts (treated with mitomycin C (Panreac, Castellar del Vallès, Spain) were plated in flasks coated with 
type I collagen from rat tail (Gibco, ThermoFisher). Next, keratinocytes were added to flasks and cells were cul-
tured in keratinocyte medium: calcium-free DMEM (Gibco, ThermoFisher) and Ham’s F12 mixed at a 3:1 ratio 
and supplemented with 1.8 × 10 − 4 mol/l adenine (Sigma), 0.35 mM calcium (Sigma), 7.5% FBS Gold, 100 U/
ml penicillin/100 μg/ml streptomycin, 2 mM glutamine, 0.25 μg/ml amphotericin B, 5 μg/ml insulin (Sigma), 
 10−10 M cholera toxin (Sigma), and 10 ng/ml EGF (Peprotech, London, UK).

For experimentation, fibroblasts were removed from flasks with Versene and keratinocytes were plated and 
cultured alone in collagen I-coated tissue culture dishes in keratinocyte medium until around 80% confluent. 
At this point, cells were washed with DPBS and cells were cultured for 24 h in keratinocyte medium containing 
charcoal-stripped FBS. Then, keratinocytes were treated with the indicated concentrations of Dex for 3 h.

Statistical analysis. Experimental data were analyzed with Microsoft Excel and IBM SPSS Statistics 25 
software. In all graphs mean values ± SD are shown. When statistical analysis was performed with relative values, 
data were first subjected to logarithmic transformation. The Levene’s test was used to determine whether samples 
within groups had equal variance before parametric testing. The Student’s unpaired two-tailed t-test was used 
for comparisons between two experimental groups. For comparisons among higher numbers of experimental 
groups, the one-way ANOVA and post hoc Tukey multiple comparison test was used.

Data availability
All data generated or analyzed during this study are included in this published article (and its Supplementary 
Information files).

Received: 6 August 2020; Accepted: 5 October 2020

References
 1. Vandewalle, J., Luypaert, A., De Bosscher, K. & Libert, C. Therapeutic mechanisms of glucocorticoids. Trends Endocrinol. Metab. 

29, 42–54 (2018).
 2. Cain, D. W. & Cidlowski, J. A. Immune regulation by glucocorticoids. Nat. Rev. Immunol. 17, 233–247 (2017).
 3. Sevilla, L. M. & Pérez, P. Roles of the glucocorticoid and mineralocorticoid receptors in skin pathophysiology. Int. J. Mol. Sci. 19, 

1906–1924 (2018).
 4. Quax, R. A. et al. Glucocorticoid sensitivity in health and disease. Nat. Rev. Endocrinol. 9, 670–686 (2013).
 5. Schäcke, H., Döcke, W.-D. & Asadullah, K. Mechanisms involved in the side effects of glucocorticoids. Pharmacol. Ther. 96, 23–43 

(2002).
 6. Sevilla, L. M., Latorre, V., Sanchis, A. & Pérez, P. Epidermal inactivation of the glucocorticoid receptor triggers skin barrier defects 

and cutaneous inflammation. J. Invest. Dermatol. 133, 361–370 (2013).
 7. Boix, J., Sevilla, L. M., Sáez, Z., Carceller, E. & Pérez, P. Epidermal mineralocorticoid receptor plays beneficial and adverse effects 

in skin and mediates glucocorticoid responses. J. Invest. Dermatol. 136, 2417–2426 (2016).
 8. Bigas, J., Sevilla, L. M., Carceller, E., Boix, J. & Pérez, P. Epidermal glucocorticoid and mineralocorticoid receptors act cooperatively 

to regulate epidermal development and counteract skin inflammation article. Cell Death Dis. 9, 588–601 (2018).
 9. Stojadinovic, O. et al. Novel genomic effects of glucocorticoids in epidermal keratinocytes inhibition of apoptosis, interferon-

pathway, and wound healing along with promotion of terminal differentiation. J. Biol. Chem. 282, 4021–4034 (2007).
 10. Lili, L. N. et al. Transcriptomic network interactions in human skin treated with topical glucocorticoid clobetasol propionate. J. 

Invest. Dermatol. 139, 2281–2291 (2019).
 11. Sevilla, L. M. et al. Glucocorticoid receptor and Klf4 co-regulate anti-inflammatory genes in keratinocytes. Mol. Cell. Endocrinol. 

412, 281–289 (2015).
 12. Sevilla, L. M., Bayo, P., Latorre, V., Sanchis, A. & Pérez, P. Glucocorticoid receptor regulates overlapping and differential gene 

subsets in developing and adult skin. Mol. Endocrinol. 24, 2166–2178 (2010).
 13. Khalaf, R. M., Lea, S. R., Metcalfe, H. J. & Singh, D. Mechanisms of corticosteroid insensitivity in COPD alveolar macrophages 

exposed to NTHi. Respir. Res. 18, 1–11 (2017).
 14. Li, L.-B., Leung, D. Y. M. & Goleva, E. Activated p38 MAPK in peripheral blood monocytes of steroid resistant asthmatics. PLoS 

ONE 10(e0141909), 1–11 (2015).
 15. Newton, R., Shah, S., Altonsy, M. O. & Gerber, A. N. Glucocorticoid and cytokine crosstalk: Feedback, feedforward, and co-

regulatory interactions determine repression or resistance. J. Biol. Chem. 292, 7163–7172 (2017).
 16. Rogatsky, I., Logan, S. K. & Garabedian, M. J. Antagonism of glucocorticoid receptor transcriptional activation by the c-Jun 

N-terminal kinase. Proc. Natl. Acad. Sci. USA 95, 2050–2055 (1998).
 17. Scheijen, B. Molecular mechanisms contributing to glucocorticoid resistance in lymphoid malignancies. Cancer Drug Resist 2, 

647–664 (2019).
 18. Szatmáry, Z., Garabedian, M. J. & Vilček, J. Inhibition of glucocorticoid receptor-mediated transcriptional activation by p38 

mitogen-activated protein (MAP) kinase. J. Biol. Chem. 279, 43708–43715 (2004).
 19. Bantel, H., Schmitz, M. L., Raible, A., Gregor, M. & Schulze-Osthoff, K. Critical role of nuclear factor-κB and stress-activated 

protein kinases in steroid unresponsiveness. FASEB J. 16, 1–19 (2002).
 20. Broom, O. J., Widjaya, B., Troelsen, J., Olsen, J. & Nielsen, O. H. Mitogen activated protein kinases: a role in inflammatory bowel 

disease?. Clin. Exp. Immunol. 158, 272–280 (2009).
 21. Slominski, R. M. et al. Extra-adrenal glucocorticoid biosynthesis: implications for autoimmune and inflammatory disorders. Genes 

Immun. 21, 150–168 (2020).
 22. Slominski, A. et al. A novel pathway for sequential transformation of 7-dehydrocholesterol and expression of the P450scc system 

in mammalian skin. Eur. J. Biochem. 271, 4178–4188 (2004).
 23. Slominski, A., Zbytek, B., Semak, I., Sweatman, T. & Wortsman, J. CRH stimulates POMC activity and corticosterone production 

in dermal fibroblasts. J. Neuroimmunol. 162, 97–102 (2005).



10

Vol:.(1234567890)

Scientific Reports |        (2020) 10:18954  | https://doi.org/10.1038/s41598-020-75853-5

www.nature.com/scientificreports/

 24. Slominski, A., Zbytek, B., Szczesniewski, A. & Wortsman, J. Cultured human dermal fibroblasts do produce cortisol. J. Invest. 
Dermatol. 126, 1177–1178 (2006).

 25. Slominski, A. et al. CRH stimulation of corticosteroids production in melanocytes is mediated by ACTH. Am. J. Physiol. Endocrinol. 
Metab. 288, 701–706 (2005).

 26. Slominski, A. T., Manna, P. R. & Tuckey, R. C. On the role of skin in the regulation of local and systemic steroidogenic activities. 
Steroids 103, 72–88 (2015).

 27. Skobowiat, C., Dowdy, J. C., Sayre, R. M., Tuckey, R. C. & Slominski, A. Cutaneous hypothalamic-pituitary-adrenal axis homolog: 
regulation by ultraviolet radiation. Am. J. Physiol. Endocrinol. Metab. 301, 484–493 (2011).

 28. Hannen, R. et al. Dysfunctional skin-derived glucocorticoid synthesis is a pathogenic mechanism of psoriasis. J. Invest. Dermatol. 
137, 1630–1637 (2017).

 29. Sarkar, M. K. et al. Endogenous glucocorticoid deficiency in psoriasis promotes inflammation and abnormal differentiation. J. 
Invest. Dermatol. 137, 1474–1483 (2017).

 30. Latorre, V., Sevilla, L. M., Sanchis, A. & Pérez, P. Selective ablation of glucocorticoid receptor in mouse keratinocytes increases 
susceptibility to skin tumorigenesis. J. Invest. Dermatol. 133, 2771–2779 (2013).

 31. Le Billan, F. et al. Corticosteroid receptors adopt distinct cyclical transcriptional signatures. FASEB J. 32, 5626–5639 (2018).
 32. Mifsud, K. R. & Reul, J. M. H. M. Mineralocorticoid and glucocorticoid receptor-mediated control of genomic responses to stress 

in the brain. Stress 21, 389–402 (2018).
 33. Koning, A. S. C. A. M., Buurstede, J. C., Van Weert, L. T. C. M. & Meijer, O. C. Glucocorticoid and mineralocorticoid receptors in 

the brain: a transcriptional perspective. J. Endocr. Soc. 3, 1917–1930 (2019).
 34. Pooley, J. R. et al. Beyond the heterodimer model for mineralocorticoid and glucocorticoid receptor interactions in nuclei and at 

DNA. PLoS ONE 15, e0022750 (2020).
 35. Oakley, R. H. et al. Cardiomyocyte glucocorticoid and mineralocorticoid receptors directly and antagonistically regulate heart 

disease in mice. Sci. Signal. 12, 1–16 (2019).
 36. Krupková, M. et al. Single-gene congenic strain reveals the effect of Zbtb16 on Dexamethasone-induced insulin resistance. Front. 

Endocrinol. 9, 185–193 (2018).
 37. Ferraù, F. & Korbonits, M. Metabolic comorbidities in Cushing’s syndrome. Eur. J. Endocrinol. 173, M133–M157 (2015).
 38. Presman, D. M. et al. DNA binding triggers tetramerization of the glucocorticoid receptor in live cells. Proc. Natl. Acad. Sci. USA 

113, 8236–8241 (2016).
 39. Rivers, C. A. et al. Glucocorticoid receptor-tethered mineralocorticoid receptors increase glucocorticoid-induced transcriptional 

responses. Endocrinology 160, 1044–1056 (2019).
 40. Tronche, F. et al. Disruption of the glucocorticoid receptor gene in the nervous system results in reduced anxiety. Nat. Genet. 23, 

99–103 (1999).
 41. Berger, S. et al. Loss of the limbic mineralocorticoid receptor impairs behavioral plasticity. Proc. Natl. Acad. Sci. USA 103, 195–200 

(2006).
 42. Ramirez, A. et al. A keratin K5Cre transgenic line appropriate for tissue-specific or generalized Cre-mediated recombination. 

Genesis 39, 52–57 (2004).
 43. Spandidos, A., Wang, X., Wang, H. & Seed, B. PrimerBank: a resource of human and mouse PCR primer pairs for gene expression 

detection and quantification. Nucleic Acids Res. 38, D792–D799 (2010).
 44. Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. Bioinform. Action 17, 10–12 (2012).
 45. Andrews, S. FastQC: a quality control tool for high throughput sequence data. https ://www.bioin forma tics.babra ham.ac.uk/proje 

cts/fastq c/. Babraham Bioinformatics https ://www.bioin forma tics.babra ham.ac.uk/proje cts/ (2010).
 46. Kim, D. et al. TopHat2: accurate alignment of transcriptomes in the presence of insertions, deletions and gene fusions. Genome 

Biol. 14, R36–R48 (2013).
 47. Andrews, S. Babraham Bioinformatics Seqmonk Project. Babraham Bioinformatics. https ://www.bioin forma tics.babra ham.ac.uk/

proje cts/seqmo nk/ (2017).
 48. Huang, D. W., Sherman, B. T. & Lempicki, R. A. Bioinformatics enrichment tools: paths toward the comprehensive functional 

analysis of large gene lists. Nucleic Acids Res. 37, 1–13 (2009).
 49. Huang, D. W., Sherman, B. T. & Lempicki, R. A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics 

resources. Nat. Protoc. 4, 44–57 (2009).

Acknowledgements
This work was supported by grant SAF2017-88046-R (MICINN, Spanish Government). J. Bigas is recipient of 
FPI fellowship of MINECO. We thank NURCAMEIN (SAF2017-90604-REDT) for support for dissemination. 
We also thank Julia Boix for assisting with the animal experiments.

Author contributions
P.P. designed the study; L.M.S performed mouse experiments, RNA isolation, gene expression validation, and cell 
culture experiments; L.M.S and J.B. performed immunoblotting experiments; A.C-O., I.C., and V.S. performed 
the bioinformatics analyses; P.P. and L.M.S. drafted the manuscript. All authors analyzed and interpreted the 
data; revised the manuscript critically and approved the final version.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information  is available for this paper at https ://doi.org/10.1038/s4159 8-020-75853 -5.

Correspondence and requests for materials should be addressed to P.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/
https://www.bioinformatics.babraham.ac.uk/projects/seqmonk/
https://www.bioinformatics.babraham.ac.uk/projects/seqmonk/
https://doi.org/10.1038/s41598-020-75853-5
www.nature.com/reprints


11

Vol.:(0123456789)

Scientific Reports |        (2020) 10:18954  | https://doi.org/10.1038/s41598-020-75853-5

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

http://creativecommons.org/licenses/by/4.0/

	Glucocorticoid-dependent transcription in skin requires epidermal expression of the glucocorticoid receptor and is modulated by the mineralocorticoid receptor
	Results
	Epidermal GR is mandatory for the transcriptional response to GCs in skin. 
	Epidermal MR acts as a chief modulator of GR-dependent regulation. 

	Discussion
	Materials and methods
	Mice. 
	RNA isolation and quantitative RT-PCR. 
	RNA-sequencing and bioinformatic analysis. 
	Separation of skin compartments. 
	Immunoblotting. 
	Cell culture. 
	Statistical analysis. 

	References
	Acknowledgements


