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ABSTRACT  

Mineralocorticoid receptor (MR) and glucocorticoid receptor (GR) are two nuclear 

receptors that regulate transcription when they bind to their preferred corticosteroid 

hormone. The regulation of MR and GR have been intensely studied since they are 

involved in key physiological tasks including modulating ion and water transport or in 

energetic homeostasis. To this day we are still discovering new functions of both 

receptors which have been shown to overlap or even interact between them. In this work 

we propose that the serum and glucocorticoid-regulated kinase (SGK1) an MR and GR 

target activated by the phosphoinositide 3-linase pathway (PI3K) may regulate MR and 

GR function, providing a feedback loop in corticosteroid receptor signalling. To answer 

our hypothesis, we performed MR and GR dependent transactivation assays using firefly 

luciferase as a reporter in N2a SGK1 knockout cells and HEK293T cells transfected with 

two SGK1 mutants, S422D (constitutively active) and K127A (catalytically inactive). In 

addition, we also studied the phosphorylating activity of the enzyme using one of its 

known target as a readout, the neural precursor cell expressed developmentally-down 

regulated 4-like (NEDD4-2). 

 

Keywords: Mineralocorticoid receptor, glucocorticoid receptor, aldosterone, SGK1, 

regulation.  
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RESUMEN 

El receptor de mineralocorticoides (MR) y el receptor de glucocorticoides (GR) son dos 

receptores nucleares capaces de regular la transcripción cuando se unen con sus hormonas 

corticoesteroides preferidas. La regulación de MR y GR ha sido intensamente estudiada, 

ya que, están involucrados en procesos fisiológicos claves, en los que se incluye la 

modulación iónica y el transporte de agua o en la homeostasis energética. Hasta el día de 

hoy seguimos descubriendo nuevas funciones de ambos receptores, que pueden solaparse 

e incluso interactuar entre ellos. En este trabajo proponemos que la quinasa regulada por 

suero y glucocorticoides (SGK1), una diana de MR y GR activada por la via de la 

fosfoinositida 3-quinasa (PI3K) podría regular la función de MR y GR proporcionando 

un bucle de retroalimentación en la señalización de los corticoesteroides. Para responder 

a nuestra hipótesis, realizamos análisis dependientes de la transactivación de MR y GR 

usando la luciferasa de luciérnaga como reportero en células N2a SGK1 knockout y 

células HEK293T transfectadas con dos mutantes de SGK1, S422S (constitutivamente 

activo) y K127A (catalíticamente inactivo). Además, estudiamos la actividad fosforilante 

de la enzima usando una de sus dianas conocidas, el precursor de célula neuronal 

expresado durante el desarrollo regulado corriente abajo-4 (NEDD4-2). 

 

Palabras clave: Receptor de mineralocorticoides, receptor de glucocorticoides, 

aldosterona, SGK1, regulación. 
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1 INTRODUCTION  

1.1 NUCLEAR RECEPTORS 

Nuclear receptors have been evolving since the Cambrian, more than 500 million years 

ago along with the firsts vertebrates (Cavalier-Smith, 2017; Swalla & Smith, 2008).  

During this time nature has exploited this intricate system of ligand and receptor, which 

is now involved in all kinds of process that can go from sexual development to 

homeostasis and growth, or act in response to stress and hunger.  

Nuclear receptor bind directly to DNA and regulate the transcription of surrounding 

genes, hence working as transcription factors when they bind their preferred ligand 

(Evans, 1988; Olefsky, 2001). There are four characterized classes of nuclear receptors. 

For the purpose of this assignment, we are going to focus on class I, which includes 

steroid receptors (SR) (Mangelsdorf et al., 1995; Porter et al., 2019). All nuclear receptors 

have a common molecular architecture that includes a variable N-terminal domain 

(NTD), a DNA binding domain (DBD), a hinge region (HR), a  ligand binding domain 

(LBD) and a variable C-terminal domain (CTD) (Figure 1) (Porter et al., 2019). The 

clustering of class I receptors is based on their activation by ligands derived from 

cholesterol (steroids). After ligand binding there is a conformational change allowing 

homodimerization of the receptor and binding to a specific DNA sequence, known as 

hormone response element (HRE). This site consist of palindromic repeats of variable 

length (Figure 1) (Mangelsdorf et al., 1995; Porter et al., 2019).  

 

Figure 1: Scheme of class I receptor (also known as steroid receptor). Class I receptors form a 

homodimer upon ligand binding to bind DNA and reach their active conformation. NTD: N-terminal 

domain, DBD: DNA binding domain, HR: Hinge region, LBD: Ligand-binding domain. CTD: Variable 

C-terminal domain. Modified form (Porter et al., 2019) 
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Another important concept related to nuclear receptors is the existence of coregulators 

that can potenciate or inhibit transcripcional responses (McKenna & O’Malley, 2000).  

These coregulators can act in different ways. For instance, SRC-1 (nuclear receptor 

coactivator 1) recruits histone acetylation complexes to modify chromatin to a more open 

conformation and potentiate transcription initiation (Hultman et al., 2005; Meijer et al., 

2006). NCoR (nuclear receptor corepressor) does the opposite, recruiting histone 

deacetylases, closing chromatin and hindering transcripcion (Wang et al., 2004). These 

are only two simple examples taken from more than 400 coregulators operating through 

different mechanism, adding more layers of complexity to the nuclear receptors 

machinery (O’Malley, 2016). 

1.2 MINERALOCORTICOID RECEPTOR AND GLUCOCORTICOID RECEPTOR 

Research on steroid hormones began in the late 1800s, and at first the scientific 

community thought that steroid hormones were involved in the catalysis of enzymatic 

reactions (Heitzer et al., 2007). Discoveries made in the next century, including the 

isolation of aldosterone (Simpson., et al 1953) and cortisol (Ward et al., 1951), the 

development of the receptor theory to explain hormone actions (Tata, 2005) and the 

molecular cloning of mineralocorticoid receptor (MR) (Arriza et al., 1987) and 

glucocorticoid receptor (GR) (Hollenberg et al., 1985) notoriously expanded basic and 

applied research on the biology of hormone receptors. Nowadays, we have reached the 

point of having atomic structures of nuclear receptor domains, including the DBD or the 

LBD in complex with relevant ligands (Hudson et al., 2014; Luisi et al., 1991) 

Mineralocorticoids (e.g., aldosterone) and glucocorticoids (e.g., cortisol, corticosterone) 

are two classes of adrenal hormones, collectively known as corticosteroids, that are 

mainly involved in facilitating adaptation to deprivation of food and water, acute injury, 

or other situations of stress.  Corticosteroids are the preferred ligands of the 

mineralocorticoid receptor (MR) and glucocorticoid receptor (GR), two closely related 

class I nuclear receptors. MR is activated with high affinity not only by 

mineralocorticoids but also by glucocorticoids. (Arriza et al., 1987; Hudson et al., 

2014). On the other hand, GR activation occurs mainly by glucocorticoids, while 

mineralocorticoids are weak ligands (Hellal-Levy et al., 1999). In addition, MR and GR 

control overlapping sets of genes. This is in part explained due to the similarity between 

their DNA binding domains (Hudson et al., 2014), thus recognizing overlapping HREs. 

To further complicate the picture, MR and GR can physically interact, forming 
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heterodimers with yet-to-be-determined functions (Bigas et al., 2018; Porter et al., 2019). 

Both receptors have been intensively targeted by research since they are involved in 

physiological process of great importance for the correct functioning of the body. MR 

most prominent functions are modulating ion and water transport across epithelia, being 

key to controlling osmotic and hemodynamic homeostasis, among others (Gomez-

Sanchez & Gomez-Sanchez, 2014). Inappropriate activation of MR in the kidney and 

heart can cause hypertension, in addition to inflammation, cardiovascular and renal 

disease (Gomez-Sanchez & Gomez-Sanchez, 2012). This has generated generating a 

great interest in obtaining MR antagonists for therapeutic use. GR on the other hand is 

essential for energy homeostasis, responses to stress and inflammation (Gomez-Sanchez 

& Gomez-Sanchez, 2014). Poor regulation of GR can cause glucose homeostasis 

unbalance that can lead to metabolic syndrome and other metabolism-related pathologies 

like diabetes and obesity (Fallo et al., 2006). GR expression is ubiquitous. However MR 

expression and activation by aldosterone is mainly associated to tight epithelia, such as 

the distal nephron or distal colon, where it is involved in regulating mineral homeostasis 

and blood pressure (Gomez-Sanchez & Gomez-Sanchez, 2014). To avoid inappropriate 

activation of MR by glucocorticoids, which circulate at much higher concentrations than 

aldosterone, tight epithelia express the 11β-HSD2 enzyme that metabolizes 

glucocorticoids to inactive forms (Bocchi et al., 2003; Galigniana et al., 2004). This 

provides a selectivity mechanism, allowing specific activation of MR by aldosterone. 

However, we now know that many tissues not directly related to mineral and fluid 

homeostasis express MR but not 11β-HSD2, indicating that MR can also function as a 

high-affinity glucocorticoid receptor or,  alternatively, that there are additional specificity 

mechanisms allowing for aldosterone action in the absence of the enzyme (Gomez-

Sanchez & Gomez-Sanchez, 2014). Thus, MR could participate in process traditionally 

considered to be regulatory targets of GR, such as energy homeostasis or stress responses 

in the brain. This overlap between both receptors can results in potentiation or 

antagonisms in glucocorticoid responses  (Gomez-Sanchez & Gomez-Sanchez, 2014). 

Thus, it is essential to identify MR and GR common and unique gene targets and 

understand their function in glucocorticoid responses. 
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1.3 SGK1, A PI3K-DEPENDENT KINASE REGULATED BY MR/GR 

The serum and glucocorticoid-regulated kinase 1 (SGK1) is part of the AGC family of 

the serine-threonine kinases (Pearce et al., 2010). It was initially  described as an early 

gene transcript induced by glucocorticoids (Webster et al., 1993). Additional studies 

showed that SGK1 can be quickly induced by other steroids hormones, including 

aldosterone (Wang et al., 2011, 2014). Another realisation was that SGK1 protein and 

mRNA have a short half-life, indicating that SGK1 expression is regulated and inducible 

via various stimuli: serum, glucocorticoids, insulin, mineralocorticoids, growth factors 

and oxidative stress being remarkable (Leong et al., 2003; Mizuno & Nishida, 2001; 

Náray-Fejes-Tóth et al., 1999). SGK1 activation depends on regulatory phosphorylation 

controlled by the phosphoinositide 3-kinase (PI3K) pathway (Kobayashi & Cohen, 1999). 

PI3Ks are a family on enzymes that phosphorylate the 3´-OH of phosphatidylinositol 

(Martini et al., 2014). Over the years, it has become clear that the PI3K pathway plays a 

fundamental role in regulating different processes such as glucose metabolism, cell 

proliferation, inflammation, cell survival and cancer, among others (Vanhaesebroeck et 

al., 2010). PI3K pathway downstream effectors include  phosphoinositide dependent 

kinase-1  (PDK1), AKT and SGK (Burgering & Coffer, 1995; Pearce et al., 2010). SGK1 

activation depends on PDK1, which phosphorylates SGK1 at Thr256, followed by a 

second phosphorylation event at Ser422 catalyzed by the mammalian  target of rapamycin 

complex 2 (mTORC2) (previously associated with AKT), (Figure 2) (García-Martínez & 

Alessi, 2008). This pathway had been previously shown to be essential to activate AKT, 

raising the possibility that at least some of the roles ascribed to this kinase are actually 

performed by SGK1. Both AKT and SGK1 share a common consensus phosphorylation 

motif and overlapping targets like GSK3β and FOXO3 (Figure 2) (Brunet et al., 2001; 

Kobayashi & Cohen, 1999). It has been suggested that the specificity of action between 

AKT and SGK1 is mainly provided by subcellular compartmentalization of the kinases 

and their targets (Gleason et al., 2019) 
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Figure 2: Scheme representation of PI3K insulin activation. Detail in pathways leading to SGK1 and 

AKT activation and common targets of SGK1/AKT. PDK1 activity depends on phosphoinositide kinase-

2 (PIK2) which was not included to not overcomplicate the figure. SGK1 needs double phosphorylation 

to be fully active. Modified from (Di Cristofano, 2017) 

MR role in ion homeostasis and blood pressure regulation is well known, as we mentioned 

above. However with the “rediscovery” of MR in different tissues where there is no 11β-

HSD2 expression has open the possibility that this receptor has new additional functions, 

including its possible participation in  energy homeostasis, metabolism and glucose 

utilization, similar to GR (Gomez-Sanchez & Gomez-Sanchez, 2014; Jaisser & Farman, 

2016). It is clear that SGK1 plays an important role in energy metabolism, with possible 

implications in obesity, insulin resistance and comorbidities such as hypertension and 

cardiovascular and renal damage (Gleason et al., 2019; Hills et al., 2008; Sierra-Ramos 

et al., 2021). In addition, unpublished results from our laboratory suggested a possible 

link between SGK1 and MR or GR activity. After MR/GR-mediated increased SGK1 

transcription, the kinase could provide a feedback loop, regulating the receptors. This 

could be accomplished  by different direct or indirect mechanisms, including chromatin 

remodelling via histone methylation by phosphorylation of the lysine methyltransferase 

KMT2D, as recently demonstrated for the estrogen receptor (Toska et al., 2019). 

Uncovering possible SGK1-mediated feedback loops that differentially affect MR and 

GR could have important consequences to explain the physiological roles of these 

receptors and their differences as drug targets in metabolic and cardiorenal disorders 

(Figure 3).   
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Figure 3: Possible mechanism of SGK1-mediated regulation of MR or GR. SGK1 could alter 

transcription via coregulator recruitment and chromatin remodelling or directly affect receptor function 

by altering its phosphorylation status, subcellular localization, stability, or activity as transcription factors. 
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2 HYPOTHESIS  

Our hypothesis is that SGK1 regulates MR and GR function, providing a feedback loop 

in corticosteroid receptor signalling.  

 

2.1 OBJECTIVES  

The general aim of this study is to determine whether SGK1 alters corticosteroid receptor 

function. 

Specific aims: 

1. To test the effect of SGK1 expression and activity on MR- and GR-mediated 

transactivation. 

2. To study the mechanisms involved in the potential regulation of MR and GR by 

SGK1. 
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3 MATERIAL AND METHODS  

3.1 PLASMIDS USED  

Plasmid Description and origin 

pcDNA3.1 Plasmid for mammalian expression of cDNAs 

under the control of a CMV promoter 

(Invitrogen) 

pcDNA4-mMR147GFP Plasmid encoding for mouse MR with GFP 

inserted after amino acid position 147 (Aguilar-

Sánchez et al., 2012) 

pEYFP-SGK1 S422D Plasmid encoding mouse SGK1 with 

constitutively activating mutation S422D and 

fused in the C-ter to eYFP (our laboratory, 

unpublished). 

pEYFP-SGK1 K127A Plasmid encoding mouse SGK1 with dominant 

negative mutation K127A and fused in the C-ter 

to eYFP (this work). 

pmCherry-C3-mGR Plasmid encoding mouse GR fused in the N-

terminus to with mCherry (our laboratory, 

unpublished). 

pCMV-Ren Plasmid expressing luciferase from Renilla 

reniformis under the control of a CMV promoter 

(kind gift of F. Gebauer, CRC, Barcelona). 

pGRE2X-luc Plasmid expressing a firefly luciferase under the 

control of two glucocorticoid response elements 

(kind gift of Rainer Lenz, Baylor College, 

Houston). 

pcDNA3.1-NEDD4-2 Plasmid encoding NEDD4-2 isoform (kind gift 

of Cecilia Canessa, Yale University). 

 

3.2 HEAT SHOCK TRANSFORMATION  

Heat shock was used to introduce foreign DNA into Escherichia coli (Top10 strain). After 

defrosting an aliquot of competent cells, the necessary amount of plasmid DNA to obtain 

a concentration of 100-200 nanograms (ng) (1-2 µL of DNA) was added, after thawing 

softly the mix was kept in ice for 15-20 minutes. Next, we applied the heat shock, 42º C 

for 45 seconds, then we incubated the cells in ice for 2 minutes and add 300 µL of SOC 

(super optimal broth with catabolite repression: 2% w/v tryptone, 0,5 w/v yeast extract, 

8.56 mM NaCl, 2.5 mM KCl, 10 mM MgCl2 and 20 mM glucose) preheated at 37º C. 

After that, we incubated the cells for 1 hour at 37º C with agitation at 250 rpm. Later 100-

150 µL were spreaded onto Luria Bertani broth agar plates (LB-agar: 1% tryptone, 0,5% 

yeast extract 1% NaCl and 0,75% agar) containing the appropriate antibiotic for selection. 
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Plates were incubated overnight at 37º C and isolated colonies were selected for plasmid 

purification. 

3.3 PLASMID PURIFICATION  

Plasmid DNA extraction was done using a commercial system (NucleoSpin Plasmid 

EasyPure, Macherey-Nagel) using the manufacturer´s protocol. Briefly, bacteria grown 

overnight (o.n.) in LB media supplemented with the appropriate selection antibiotic were 

centrifuged at 4100 rpms for 10 minutes, the supernatant was discarded and 350 µL of 

A1 buffer were added. The mix was vortexed, and the resultant suspension was 

transferred to a new Eppendorf tube. After that, 250 µL of buffer A2 was added, mixed 

by carefully inverting the Eppendorf tube. After 2 minutes incubation at room 

temperature, 350 µL of A3 buffer were added and the mixture mixed by inversion. Next, 

tubes were centrifuged at 12.000 xg for 3 minutes, supernatant was transferred to a 

column with a collection tube and centrifuged at 2.000 xg 30 seconds. The flow through 

was discarded and 450 µL of AQ buffer were added. Tubes were then centrifuged at 

12.000 xg for 1 minute twice and the flow though was discarded each time. Collection 

tube was substituted for a new Eppendorf tube, 50 µL of elution buffer (previously 

incubated at 70º C) was added, and after a 1-minute incubation at room temperature, tubes 

were centrifuged at 12.000 xg. 

In the events of our plasmids having low concentration, we repurified them following the 

NuceloSpin Gel and PCR Clean-up protocol (Macherey-Nagel). Fist, the DNA binding 

conditions were adjusted adding 2 volumes of NTI buffer for each volume of sample.  

Then, the mix was placed into a column with a collection tube and centrifuged for 30 

seconds at 11.000 xg, the flowthrough was discarded. Next, the silica membrane was 

washed with 700 µL of NT3 buffer and centrifuged 30 seconds at 11.000 xg, the 

flowthrough was discarded. After that, the column was centrifugated again for 30 seconds 

at 11.000 xg to make sure all NT3 buffer is washed. Finally, the DNA was eluted by 

placing the column under a microcentrifuge tube in which we added 50 µl of NE buffer, 

and incubated at room temperature for 1 minute, then the tubes were centrifuged for 1 

minute at 11.000 xg. 
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3.4 CDNA MUTAGENESIS 

A point mutation in K127A inactivating SGK1 catalytic activity and generating a 

dominant negative kinase (Kobayashi et al. 1999) was generated using Quickchange 

Lightning Multi Site-Directed Mutagenesis Kit (Agilent) using pEYFP-SGK1 S422D as 

a template (Figure 4). 

 

Figure 4: Full sequence map for pEYF-N1-SGK1. Image created with SnapGene software (from 

Insightful Science; available at snapgene.com) 

 

https://www.snapgene.com/
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DNA was denatured so the mutagenic primers could anneal to it (Figure 5B). Next, Pfu 

polymerase extended the primers with high fidelity so double stranded DNA chains with 

the mutation of interest were generated (Figure 5C). To eliminate the plasmid template, 

the reaction mix was then treated with the Dpn I endonuclease. The reason behind this 

was that most E. coli strains methylate their DNA product. When we used Dpn I 

endonuclease we were making sure that the parental DNA would be digested, and our 

products will contain the desired mutation. The following step was the transformation of 

XL10-Gold ultracompetent cells. After transformation bacteria were seeded in LB-agar 

supplemented with kanamycin (Figure 5D). A single bacterial colony was used to 

inoculate a liquid culture of LB-kanamycin medium (1% tryptone, 0.5% yeast extract and 

1% NaCl). After o.n. incubation under agitation at 37º C, plasmid DNA was purified 

using a commercial system (NucleoSpin Plasmid EasyPure, Macherey-Nagel). The 

presence of the desired mutation was verified by DNA sequencing (Figure 5E). 

Figure 5: Scheme of the mutagenesis process. 

Samples were sequenced by EZ-Seq service (Macrogen). For this, 100 ng of sample DNA 

were mixed with 1 µL of a 10 pmol/µL primer up to a final concentration of 125 ng. 

Sequencing results were confirmed using Basic Local Alignment Search Tool (BLAST) 

(Figure 6). 
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Figure 6: Sequence alignment results. In red we can see the outcome of the mutagenesis process, codon 

GCG codifies for alanine (image taken from the Basic Local Alignment Search Toll, BLAST). 

3.5 CELL CULTURE 

Cell lines used in this study: 

- HEK293T (CRL-3216): human embryonic kidney cells, deriving from HEK293 

strain, contains the SV40 T-antigen. 

- N2a SGK1 KO Clone 16 CCL-131: neuro-2a cells derived from neuroblastoma 

from mice (Mus musculus) and modified by CRPR-Cas9 to obtain a stable 

knockout cell line without SGK1. 

 

Figure 7: Microscopic detail of cell lines used. (A) HEK293T cells (B) N2a cells.  Differences in 

morphology and confluency can be appreciated. (Modified from ATCC) 



 

 
18 

Cell were grown in Dulbecco´s Modified Eagle Medium (DMEM, Sigma- Aldrich), 

enriched with 10% fetal bovine serum (FBS, Sigma-Aldrich), 1% penicillin-streptomycin 

(P/S, Thermo-Fisher Scientific), 1% non-essential amino acids (NEAA, Sigma-Aldrich) 

and Mycozap (Lonza). Cells were maintained in an incubator at 37º C under an 

atmosphere of 5% carbon dioxide (CO2) with 90-95% of relative humidity.  Cell culture 

was performed working under a class II laminar flow hood. 

When cells reached the desired confluency old medium was aspired with vacuum and 

cells were washed with 5 mL of PBS 1x (phosphate buffered saline: 137 mM NaCl, 2.7 

mM KCl, 10 mM Na2HPO4 and 1.8 mM KH2PO4 at 7.4 pH). To detach the cells from the 

flask they were treated with 2 mL of trypsin-EDTA solution (trypsin-

ethylenediaminetetraacetic acid, at 37º C in a 5 % CO2 atmosphere, for varying amounts 

of time, depending on the cell line used (2 minutes for HEK293T (Figure 7A) and N2a 

cells (Figure 7B). Afterwards, trypsinization was stopped by adding fresh complete 

DMEM medium. Cells were then centrifuged at 300 xg for 5 minutes, medium was 

removed, and the pellet was resuspended in fresh complete DMEM medium. 

Depending on the experiment, cells were seeded on different types of plates. All 

experiments performed with HEK293T and N2a cells needed the plate to be treated with 

poly-L-lysine (PLL) to promote cell attachment. PLL treatment for plates consisted of 

adding enough PLL solution (0.1% w/v, Sigma-Aldrich) to cover the bottom of the well. 

The plate was then incubated at 37º C for 30 minutes, and then washed thrice with PBS 

1x. 

3.6 TRANSIENT TRANSFECTION  

For every experiment performed in this project we needed the cells to express different 

combinations of plasmids. To achieve this, we used a transient transfection method. The 

transfection reactive used was jetPrime (Polyplus-transfection) following the 

manufacturer´s protocol described in Figure 8.  For each plate size, the quantities of 

cells/well, total DNA, jetPrime buffer and jetPrime reagent vary, but the transfection 

protocol is the same: first, DNA was diluted in jetPrime buffer® and mixed by vortexing; 

jetPrime reactive was added, the mix was vortexed and pulled down by brief 

centrifugation; the mix was incubated for 10 minutes at room temperature; finally, 

transfection mix was put onto each dwell, after 4 hours media is changed, then cells were 

incubated at 37º C for 24 or 48 hours.  
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Figure 8: JetPrime protocol for DNA transfection. (https://www.polyplus-

transfection.com/products/jetprime/) 

3.7 REPORTER GENE ASSAY  

Receptor-mediated transactivation assays were performed using firefly luciferase as 

reporter gene. Luciferase assays allow us to measure if our protein of interest, have an 

effect in the transcription of the luciferase gene, thus seeing an increase in luciferase 

activity measured in cell extracts. To achieve this, we needed to transfect a construct that 

had the DNA regulatory region of our protein of interest (in this case, an HRE) placed 

next to a basal promoter controlling the luciferase cDNA insert (Figure 9) (Carter & 

Shieh, 2015).   

Assays were performed in 96-well plates treated with PLL. In each well there were 

approximately 10.000 cells. One day after seeding, cells were transfected following the 

protocol explained above. At the time of transfection, medium was switched to DMEM 

supplemented with charcoal-stripped FBS (DMEM-CS) to eliminate steroids and avoid 

basal activation of MR or GR. The next day, we added the treatment, aldosterone 10 

nanomolar (nM) or dexamethasone 100 nM, in DMEM media without FBS. In wells 

where no hormone was added, cells were treated with vehicle (EtOH 100% at 1:1000 

dilution). Once this was done and after an incubation of approximately 16 hours, we 

performed the luciferase assay. First, 70 µL of medium were taken out each well and 30 

µL of luciferase reactive was added. After 10 minutes at room temperature with agitation 

at 110 rpm, luciferase activity was measured using the Dual-Glo luciferase assay reagent 

https://www.polyplus-transfection.com/products/jetprime/
https://www.polyplus-transfection.com/products/jetprime/
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(Promega). To normalize our data, Renilla luciferase was used. Following the same steps 

as before, 30 µL of Renilla buffer mix were added and enzymatic activity was measured 

after 10 minutes incubation under agitation at 110 rpm.  

 

Figure 9: Luciferase transactivation assay. When the receptor is stimulated with the respective 

hormone or synthetic ligand, transcription starts. Next, we can then correlate transcription with the 

amount of luciferase activity detected in the assay. 

3.8 WESTERN BLOT  

Protein extracts from transfected cells were obtained using the following protocol. First, 

cell medium was aspirated, and each well was washed with cold PBS 1x. Then we added 

30 µL of TENT (10 mM Tris-HCl, 250 mM NaCl, 1 mM EDTA, 1% v/v Triton X-100) 

supplemented with protease and phosphatase inhibitor cocktails (Complete and 

PhosSTOP, Roche). The cell extract was then transferred to an Eppendorf tube and 

incubated for 5 minutes on ice. Finally, the extract was centrifuged for 10 minutes at 

14.000 xg. The supernatant was then transferred to a new Eppendorf tube and kept at -

80º C until use.  

Protein samples were resolved in sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE). For this, protein samples were prepared by mixing the 

protein extract with 6X Laemmli Buffer (4% SDS, 20% glycerol, 10% β-

mercaptoethanol, 0.004% bromophenol blue and 0.125 M Tris-HCl, pH 6.8). After this, 

samples were incubated for 5 minutes at 95º C and cleared by centrifugation. Next, SDS-
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PAGE was performed using Mini-Protean TGX Stain-Free Precast Gel (Bio-Rad). 

Running buffer was already prepared (25 mM of Tris, 192 mM of Glycine, 0.1% of SDS). 

Precision Plus Protein™ Dual Color Standards (Biorad) were used as molecular mass 

markers. Samples were loaded into the corresponding well (12.5 µL of sample or 8 µL of 

marker). Electrophoresis was performed at 120 V for approximately 1 hour. Proteins were 

then transferred by electroblotting to a polyvinylidene difluoride (PVDF) membrane 

using a liquid transfer system for 1 hour at 350 mA. After that, membranes were blocked 

for 1 hour in blocking solution (5 % w/v non-fat dried milk in TBS-T 1x: 20 mM of Tris-

HCl, 150 mM of NaCl and 0.1% of Tween20). The membranes used to measure protein 

phosphorylation were incubated in a blocking solution containing PhosphoBLOCKER 

reagent (Cell Biolabs). The membranes were then incubated o.n. at 4º C with the primary 

antibody (Table 1) in TBS-T with 0.5% blocking reagent. The following day, membrane 

was washed three times for 5 minutes with TBS-T and then incubated with the secondary 

antibody (Table 1) in 0.5% non-fat dried milk in TBS-T with agitation at room 

temperature. When the incubation was over, membranes were washed three times for 5 

minutes in TBS-T and incubated with the detection reagent (Clarity Western ECL 

Substrate, Bio-Rad), prepared by mixing 1:1 of luminol-enhancer reagent with peroxide 

reagent. Membranes were incubated for 4 minutes with the detection reagent. 

Chemiluminescence was captured with a CCD camera using an ImageQuant LAS 500 

apparatus (GE Healthcare Bio-Sciences AB). 

 

Primary antibodies Dilution Secondary Antibodies Dilution 

Mouse Anti-MR 1-18 1d5 (Gómez 

Sánchez) 

1:1000 Anti-Mouse (Dako) 1:10000 

Ab 43606 Rabbit Anti-SGK1 (Abcam) 1:1000 Ab 6721 Goat Anti-Rabbit 

(Abcam) 

1:10000 

Rabbit Anti-GR (H-300) sc-8922 (Santa 

Cruz) 

1:1000 

Ab 290 Rabbit Anti-GFP (Abcam) 1:1000 

Rabbit Anti-GFP (FC) sc-8334 (Santa 

Cruz) 

1:2000 

Rabbit P-NEDD4 (Cell Signalling) 1:2500 

Rabbit tNEDD4 (Cell Signalling) 1:2500 

 

Table 1: Primary and secondary antibodies used for western blot and working concentration 
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In some experiments, PVDF membranes were reused and incubated several times with 

new antibodies. Antibody stripping was performed by incubating the membranes in 

stripping solution (4% SDS, 6.25 mM Tris-HCl pH 6.7 and 0.1 M β-mercaptoethanol) at 

50º C for 30 minutes under agitation, followed by extensive washing in TBS-T. Next, 

the membranes were exposed to detection reagent to make sure the stripping process 

was successful, and then used again for detection or stored once they were dry. 
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4 RESULTS AND DISCUSSION  

4.1 SGK1 INHIBITS MR ON N2A SGK1 KO CELLS 

In other to measure the effects of SGK1 on MR and GR we decided that the best approach 

was to perform gene transactivation assays using luciferase as a reporter. Most cell lines 

express endogenous SGK1, potentially interfering with our measurements of the effects 

of the kinase on MR or GR. Therefore, we took advantage of the recent generation of a 

SGK1 knockout cell line in our laboratory using a CRISPR-Cas9 approach on the mouse 

neuroblastoma cell line N2a (N2a SGK1 KO Clone 16 CCL-131, B. Rivero et al. 

unpublished). In addition, we included in the assay a catalytically inactive mutant SGK1 

(K127A) to control for possible effects of the kinase independent of its phosphorylating 

activity. 

For all experiment, transfections were done in triplicate and several independent 

replicates including all conditions were performed in order to ensure reproducibility 

 

Figure 10: MR-dependent transactivation assay in N2a SGK1 KO. Cells were with the indicated 

plasmid combination or with empty plasmids (NTC). One day after transfection cells were treated o.n 

with 10 nM aldosterone or vehicle and Renilla and firefly luciferase activities were assayed consecutively 

in the same cells extracts. Plots represent average ratios of firefly/Renilla activities ± SD (n=3) firefly. 

This cell line displayed low transfection efficiency and high mortality, resulting in low 

signal to noise ratio. However, after analysing the data obtained, there was a clear and 

significant induction of MR activity by aldosterone (Figure 10). Co-transfection of both 

SGK1 mutants appeared to reduce MR activity, with SGK1 S422D displaying a stronger 
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inhibitory effect. Even though these results were promising, we could not reproduce them 

in new experiments due to problems related to the number of cells at the end of the 

transfection, resulting in low luciferase activities. Thus, we decided to switch model to 

HEK293T cells. 

4.2 EFFECT OF SERUM ON SGK1 

The first assay was done in HEK293T cells, keeping in mind that these cells express 

endogenous SGK1. We transfected constitutively active mutant SGK1 S422D mutant, 

which has been reported to produce a 10-fold increase in activity (Kobayashi et al. 1999) 

to surpass the activity of the endogenous SGK1.  

 

Figure 11: MR-dependent transactivation assay in HEK293T.  Cells were transfected with the 

indicated plasmid combination or with empty plasmids (NTC). For this experiment medium contained 

FBS. One day after transfection cells were treated o.n. with 10 nM aldosterone or vehicle and Renilla and 

firefly luciferase activities were assayed consecutively in the same cell extracts. Plots represent average 

ratios of firefly/Renilla activities ± SD (n=3 firefly)   

As seen in Figure 11, transfection of MR induced a potent induction of firefly luciferase 

activity above basal conditions. Co-transfection of constitutively active SGK1 did not 

show any significant difference in MR-mediated transactivation. This result may be 

explained by the presence of FBS in the medium, which is a potent activator of the 

endogenous SGK1 (Leong et al., 2003; Mizuno & Nishida, 2001; Náray-Fejes-Tóth et 

al., 1999) and may mask any additional effect induced by the transfected kinase. 
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4.3 EFFECTS OF FBS FREE MEDIUM INCUBATION ON HEK293T CELLS 

Due to the results described above, we decided to incubate HEK293T cells in medium 

free of FBS to avoid activation of the endogenous SGK1. To prove that HEK293T cells 

survived the o.n. treatment with FBS-free medium, we observed cells under the 

microscope at different times after media change looking for signals of cellular stress. 

Figure 12: HEK293T cell morphology before and after treatment with serum-free medium. (A) 

Cells after +24 hours incubation in FBS containing medium 20x magnification. (B) Cells after +24 hours 

incubation in FBS free media 20x magnification, (C) 40x magnification and (D) 10x magnification 

HEK293T cells maintained normal morphology up to 24h after switching to serum-free 

medium (Figure 12) and therefore were used for all subsequent experiments despite the 

presence of endogenous SGK1. 
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4.4 SGK1 REGULATES MR AND GR ACTIVITY  

Results in the assays of SGK1 on MR-mediated transactivation showed similar 

inhibitions as the one done with N2a SGK1 cells, in this case both mutants seemed to 

inhibit MR activity in the same way (Figure 13). 

 

Figure 13: MR-dependent transactivation assay in HEK293T. Cells were transfected with the 

indicated plasmid combination or with empty plasmids (NTC). One day after transfection cells were 

treated o.n with 10 nM of aldosterone or vehicle and Renilla and firefly luciferase activities were assayed 

consecutively in the same cell extracts. Plots represent average ratios of firefly/Renilla activities ± SD 
(N=3)  

These experiments appear to show that SGK1 inhibited MR activity and enhanced GR 

activity, independently of its catalytic activity. However, several potential confounding 

factors could be affecting our results, including SGK1 effects on the constitutive 

expression of Renilla luciferase, the enzyme used to normalize our experiments, or 

unexpected behaviour of our transfected SGK1 mutants. To assess the first factor, we 

analysed Renilla luciferase activities separately.   
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Figure 14: GR-dependent transactivation assay in HEK293T. Cells were transfected with the 

indicated plasmid combination or with empty plasmids (NTC). One day after transfection cells were 

treated o.n with 100 nM of dexamethasone or vehicle and Renilla and firefly luciferase activities were 

assayed consecutively in the same cell extracts. Plots represent the average ratios of firefly/Renilla 

activities ± SD (N=2) 

Surprisingly, when we tested the effects of SGK1 on GR-mediated transactivation we 

found that the kinase potently enhanced GR activity. Additionally, it seemed clear that 

SGK1 K127A was eliciting near 50% more GR activity more than SGK1 S422D 

(Figure 14) 

4.5 RENILLA STATISTICAL ANALYSIS  

Renilla luciferase is used to normalize firefly luciferase experiments, since it was 

expressed under the control of a CMV promoter, whether or not there was a hormonal 

stimulus present. Therefore, the values obtained should adjust to a normal distribution, 

depending only on the amount of transfected plasmid. We used GrahpPad Prism 

software to test for normality in Renilla values when it was co-transfected with MR, GR 

or SGK1 mutants.  
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Figure 15: Renilla luciferase normality analysis. Normality test on Renilla values obtained from 

luciferase experiments. Values were tested for D´Agostino & Pearson normality and lognormality test. (A) 

Grouped Renilla from all experiments. (B) Grouped Renilla values from the conditions containing 

aldosterone, dexamethasone, and vehicle. (C) Grouped Renilla values of hormone conditions in each 

experiment. (D) Grouped Renilla values from the conditions with MR + SGK1 S422D and K127A. Dots 

represent individual Renilla values. 

Despite not adjusting to a normal distribution, values adjusted better to a lognormal 

distribution. In all groups formed there was no indicative of an artifact when Renilla was 

in the presence of hormone, vehicle or co-transfected with MR, GR or SGK1 since all 

groups formed did not show any differences when compared (Figure 15). 

4.6 SGK1 PHOSPHORYLATION ON NEDD4-2 

To ensure that the activity of the SGK1 mutants is correct, we measured 

phosphorylation of one of its known targets the neural precursor cell expressed 

developmentally-down regulated 4-like (NEDD4-2) (Bhalla et al., 2005), which is a 

member of the E3 ubiquitination enzymes (Harvey & Kumar, 1999; S Kumar et al., 
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1997; Sharad Kumar et al., 1992). To that end, we co-transfected NEDD4-2 with 

different combinations of MR and GR and the SGK1 mutants. 

                                                         

Figure 16: 

Abundance of 

total and 

phosphorylated 

NEDD4-2 in 

HEK293T cells. 

All cells were 

transfected with 

NEDD4-2, in 

addition lanes 

with SGK1 were 

co-transfected 

with MR. (A) 

pNEDD4-2 and 

(B) tNEDD4-2. 

(C) NEDD4-2 

phosphorylation 

quantification, 

bars represent 

the ratio of 

pNEDD4-

2/tNEDD4-2, 

(N=2) 

 

Previous results from our laboratory showed that HEK293 cells do not express 

endogenous NEDD4-2 (Armas-Capote et al., 2020). Cell extracts were analysed by 

western blot using antibodies against total NEDD4-2 or a phospho-specific antibody that 

recognizes only proteins phosphorylated at residue S448.  
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The western blots using the phospho-specific antibody showed two bands (Figure 16A, 

17A), one migrating at approximately 115 kilodaltons (kDa), which was expected, and 

the other one, at approximately 90 kDa. In contrast, the antibody detecting total NEDD4-

2 detected only the expected band (Figure 16B, 17B). For this reason, we quantified the 

signals taking into account only the 115 kDa band. Results are shown as the ratio between 

the signals corresponding to the phosphorylated form and the total protein (Figure 16C, 

17C). 

 

Figure 17: 

Abundance of 

total and 

phosphorylated 

NEDD4-2 in 

HEK293T cells. 

All cells were 

transfected with 

NEDD4-2, in 

addition lanes 

with SGK1 were 

co-transfected 

with GR. (A) 

pNEDD4-2 and 

(B) tNEDD4-2. 

(C) NEDD4-2 

quantification, 

bars represent the 

pNEDD4-

2/tNEDD4-2 ratio 

(N=2) 
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The results of SGK1 phosphorylation on NEDD4-2 were surprising. SGK1 S422D did 

not significantly increase NEDD4-2 phosphorylation. The presence of MR alone 

appeared to slightly change NEDD4-2 phosphorylation, but this effect appears to be 

minor. On the other hand, when SGK1 K127A was co-transfected with MR the 

catalytically inactive mutant showed reduced phosphorylation of NEDD4-2 (Figure 16C). 

Since this mutant has dominant-negative activity (Kobayashi et al. 1999), this may be 

explained by residual endogenous SGK1 activity. However, when it was co-transfected 

with GR, SGK1 K127A appears to show increased phosphorylation of NEDD4-2 (Figure 

17C). It is important to note that all phosphorylation changes appear minor. Further 

experimental replicas would be needed to demonstrate if these changes are reproducible 

and statistically significant. A possible explanation for these results could be that our 

mutants were not working as expected, so we decided to do further western blots to 

confirm that our transfection was successful and that the antibody detecting NEDD4-2 is 

specific. 

 

Figure 18: NEDD4-2 antibody specificity.  All cells were transfected with NEDD4-2, except for two 

non-transfected controls (NTC), additionally lanes with SGK1 were co-transfected with MR. (A) 

pNEDD4-2 and (B) tNEDD4-2. 

As seen in Figure 18A the NTC control showed the same two bands we detect in 

transfected cells, but with decreased intensity. In addition, the heavier band appears to 

migrate slightly slower than the band detected in transfected cells. It is possible that that 
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HEK293T cells express a distinct NEDD4 isoform (Fotia et al., 2006; Harvey et al., 

2001), although the signal intensity level is unlikely to interfere with our analysis. 

To prove that our transfection was correct we performed a set of western blots targeting 

MR, GR and SGK1.  We next tested whether the expression of SGK1 and the 

corticosteroid receptors was correct. When we transfected MR, we detected the protein 

only in the conditions where it was included in the plasmid mix. MR migrated at near 130 

kDa, corresponding to the expected weight of the fusion protein between the receptor and 

the enhanced green fluorescent protein (eGFP) (Figure 19A). GR on the other hand is 

expressed endogenously in HEK293T cells. However, the transfected form was tagged 

with eGFP, giving an additional 27 kDa that allowed for detection of two clear bands, one 

of them at 90-95 kDa corresponding to endogenous GR and the other one 120 kDa being 

the transfected GR (Figure 19B). We repeated the process for SGK1. However, the 

western blot only showed one band corresponding to the endogenous SGK1 present in 

HEK293T cells at 49 kDa (Figure 19C). In the event that the antibody used would be 

defective, we performed another western blot targeting this time the enhanced yellow 

fluorescent protein tag (eYFP) fused to SGK1. This experiment showed only the 

fluorescently tagged GR, with a faint band visible even in NTC cells migrating around 

the expected size for SGK1-eYFP (Figure 19D). In the end we could not confirm that 

SGK1 was being transfected correctly despite having differences in the luciferase assays. 
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Figure 19: Western blots of HEK293T cells. Targeting (A) MR, lanes with SGK1 were co-transfected 

with MR. (B) GR, lanes with SGK1 were co-transfected with GR. (C) SGK1, lanes with SGK1 were co-

transfected with GR and (D) eYFP, lanes with SGK1 were co-transfected with GR. 
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5 CONCLUSIONS 

- Co-expression of SGK1 appears to affect MR and GR activity in opposite ways, 

regardless of the catalytic activity of the kinase. 

- Analysis of a SGK1 phosphorylation target was not conclusive and suggests that 

the expression of SGK1 mutants in our experiments may below or defective 
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