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PART Ⅰ. Dexras1 plays a pivotal role in maintaining the 
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ABSTRACT 

Dexras1 plays a pivotal role in maintaining the equilibrium between 

adipogenesis and osteogenesis 

 

Jowoon Seok 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Jae-woo Kim) 

 

Mesenchymal stem cells (MSCs) have drawn considerable attention because 

they can differentiate into various cell types including chondrocytes, osteoblasts, and 

adipocytes. Because the differentiated cells are derived from the same origin, it is 

widely accepted that adipogenesis counteracts osteoblastogenesis and restricts MSCs 

from differentiating into osteoblasts. In addition, it is well-known that chronic steroid 

treatment induces Cushing’s syndrome, which is accompanied by an increase in 

visceral adiposity and osteoporosis. The balance of differentiation from MSCs to 

either adipocytes or osteoblasts is critical to prevent Cushing’s syndrome, however, 
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the detailed molecular mechanisms by which chronic steroid treatment disturbs the 

balance between adipogenesis and osteoblastogenesis from MSCs is unclear. It was 

previously reported that Dexras1 is a critical factor that potentiates adipogenesis. 

Here, I report that Dexras1 is the fundamental regulator that maintains the balance 

between chronic steroid treatment-associated adipogenesis and osteoporosis. 

Concurrent with reduced adipogenesis, dual-energy x-ray absorptiometry scan and 

micro-computed tomography analyses in murine femurs revealed that Dexras1 

deficiency was associated with increased osteogenesis. Furthermore, I observed that 

Dexras1 deficiency promoted in vitro osteogenesis of bone marrow-derived stromal 

cells and mouse embryonic fibroblasts, suggesting that Dexras1 deficiency 

ameliorates steroid-induced osteoporosis. I also observed that Dexras1 

downregulated SMAD signaling pathways, which reduced the osteogenic 

differentiation capacity of pre-osteoblast MC3T3-E1 cells into mature osteoblasts.  

I propose that Dexras1 is critical for maintaining the equilibrium between 

adipogenesis and osteogenesis in bone marrow stromal cells and may be a future 

therapeutic target for clinical osteoporosis treatments. 

 

 

 

 
Keywords: Dexras1, MSCs, adipogenesis, osteogenesis, glucocorticoids 
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Dexras1 plays a pivotal role in maintaining the equilibrium between 

adipogenesis and osteogenesis 

 

Jowoon Seok 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Jae-woo Kim) 

 

Ⅰ.  INTRODUCTION 

Glucocorticoids are steroid hormones that have multiple roles spanning various 

physiological functions1. Notably, glucocorticoids are widely used in the clinic to 

treat a broad spectrum of diseases including chronic inflammatory disease, 

autoimmune disease, and sepsis2,3. However, long-term exposure to glucocorticoids 

induces Cushing’s syndrome accompanied by various metabolic effects, including 

abnormal fat distribution and osteoporosis4. Glucocorticoid-induced osteoporosis is 

characterized by a decreased trabecular volume that is associated with a diminished 

osteoblast population5. In human studies, visceral fat accumulation in Cushing’s 
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syndrome, is correlated with increased serum cortisol levels6.  

Among multipotent stem cells, mesenchymal stem cells (MSCs) are intriguing 

because of their self-renewal and the ability to differentiate into chondrocytes, 

adipocytes, and osteoblasts7,8. Importantly, the regulation of cell fate decisions in 

MSCs has a significant effect on tissue homeostasis9. However, the underlying 

mechanism that governs MSC fate and leads to either pre-adipocytes or pre-

osteoblasts is poorly described. Signaling pathways downstream of glucocorticoid 

receptor activation are critical to the alternative cell fates of the mesoderm10. Indeed, 

during adipogenesis, glucocorticoids control the regulatory factors that trigger 

differentiation-related genes11. Peroxisome proliferator-activated receptor γ (PPARγ), 

for example, is a crucial transcription factors for adipocyte differentiation and shifts 

the commitment of MSCs toward an adipocyte lineage12,13. Bone morphogenetic 

protein 4 (BMP4) can also induce a commitment to an adipocyte lineage, which was 

demonstrated in pluripotent C3H10T1/2 stem cells14. In contrast to promoting 

differentiation, excessive amounts of glucocorticoids decrease both osteoblast 

differentiation and function, which results in a rapid and profound inhibition of bone 

formation12. Individual pathways, including Wnt and BMP2 signaling12, have been 

identified as mediators of glucocorticoid effects during MSC osteogenesis. 

Specifically, BMP signaling is known to stimulate osteoblast differentiation and 

functionality. The binding of either BMP2 or BMP4 to their respective receptors, 
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followed by phosphorylation of SMAD1, SMAD5, or SMAD8 forms a complex that 

can enter the nucleus to regulate gene expression, enhance the transition to 

RUNX2+OSX+ cells, and improve the function of mature osteoblasts15. Importantly, 

the critical mechanisms of MSC adipogenesis and osteogenesis mediated by 

glucocorticoids are unknown.  

Dexras1, a small, Ras family G-protein also known as RASD1, is known for its 

induction by the synthetic glucocorticoid, dexamethasone16. Within cortical neurons, 

Dexras1 forms a ternary protein complex comprised of the scaffolding protein 

CAPON and neuronal nitric oxide synthase17. Both in vitro and in vivo models 

demonstrate that in metabolism, Dexras1 contributes to adipogenesis by mediating 

glucocorticoid effects and diet-induced obesity18. On the other hand, Dexras1 was 

found in the transcriptome of RUNX2 in a prostate cancer model19. Therefore, 

Dexras1 could be an upstream regulator of MSCs commitment. 

Here, I demonstrate that Dexras1 knockout (KO) mice are resistant to increased 

adiposity and steroid-induced osteoporosis despite receiving dexamethasone 

treatment. Under identical treatment conditions, wild-type (WT) mice exhibited 

abnormal fat distribution and reduced bone mineral density. In addition, I provide 

evidence that Dexras1 regulates the tradeoff between adipocyte and osteoblast 

differentiation from a common MSC origin. Furthermore, I identified that Dexras1 

contributes to cell fate regulation via SMAD signaling activation in early osteogenic 
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differentiation. Thus, my study establishes that Dexras1 regulates tissue homeostasis 

and MSC cell fate under chronic dexamethasone treatment via cell autonomous 

actions.  
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Ⅱ.  MATERIALS AND METHODS 

1. Animals 

Dexras1 KO mice were developed and genotyped as described previously18. 

Male Dexras1 KO and C57BL/6J WT control mice were maintained under a 12 hrs 

light/12 hrs dark cycle. A five mouse per cage maximum was followed. To administer 

the dexamethasone treatment, an intraperitoneal injection of either saline or 

dexamethasone sodium phosphate (50 mg/kg, Abcam) was given daily for 8 wks. 

Normal chow was provided to mice at 9 wks of age for 6 wks and a 60% high-fat diet 

was fed to the same mice for 2 additional wks to exaggerate the glucocorticoid-

induced phenotypes. After 8 wks, mice were sacrificed and fat tissues and long bones 

were isolated for analysis. All animal protocols were performed according to the 

National Institutes of Health guidelines and approved by the Association for 

Assessment and Accreditation of Laboratory Animal Care International. 

2. Oil Red O bone marrow staining  

Mouse femurs were extracted, fixed in 10 % neutralized formalin for 3 days, and 

decalcified in 14% ethylenediaminetetraacetic acid (EDTA), pH 7.1, for 2 wks. The 

decalcification solution was changed every 2 days. The bones were then cryo-

sectioned and stained with Oil Red O staining solution. 

3. Plasma characterization  

Serum was collected from the inferior vena cava of mice and centrifuged at 
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1,300 rpm for 15 mins. Plasma calcium and inorganic phosphate concentrations were 

measured with a Vitros Dry Slide Chemistry Analyzer (Ortho-Clinical Diagnostics 

Inc.).  

4. Bone analysis  

BMD was measured using dual-energy x-ray absorptiometry (DEXA). Briefly, 

tibias and femurs on both sides were extracted from the mice and fixed with 10 % 

neutralized formalin. After 1 wk, the solution was changed to 70 % ethanol, and the 

DEXA scan was completed as specified by the manufacturer’s protocol. Three-

dimensional (3D) micro-computed tomography (μCT) was performed with a Skyscan 

model 1,076 scanner (Kontich, Belgium). For analysis, the femurs were maintained 

in a 10 % neutralized formalin solution for 7 days, followed by a 70 % ethanol 

maintenance solution.  

5. Histology of adipose tissues 

Epididymal white adipose tissue (WAT) and inguinal subcutaneous fat 

specimens were fixed in 10 % neutral-buffered formalin for 48 hrs, followed by being 

processed and trimmed into paraffin blocks. Standard protocols were used to stain 

paraffin-embedded tissue sections with hematoxylin/eosin.  

6. cell culture 

(1) Bone marrow stromal cell 

Tibias and femurs were extracted from 4 to 6-wk-old WT and Dexras1 KO 
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mice to obtain BMSCs. The bone marrow was flushed into α-MEM (Gibco, 

USA) containing 10 % FBS (Gibco, USA) and 1 % penicillin/streptomycin 

(Gibco, USA), followed by red blood cell removal with AKC lysing buffer 

(Gibco, USA). Bone marrow cells were cultured for 10 days in α-MEM 

containing 10 % FBS and 1 % penicillin/streptomycin. The growth media was 

changed every 3 days. Passage 1 BMSCs were detached and seeded at a density 

of 2 × 106 cells/well. Osteogenic differentiation was induced with 50 ng/mL 

ascorbic acid (Sigma, USA) and 5 mΜ beta glycerophosphate disodium (Sigma, 

USA). The media was changed every 2 days for 14 days. Adipogenic 

differentiation was induced with DMEM (Gibco, USA) containing 10 % FBS, 

1 μM dexamethasone, 5 μg/mL Insulin, 100 μM indomethacin, and 0.5 mM 

IBMX. After 2 days, the media was changed to DMEM containing only 10% 

FBS and 5 μg/mL insulin. On day 4, the DMEM containing 10 % FBS and 5 

μg/mL insulin was refreshed, and on day 6, the media was replaced with DMEM 

containing 10 % FBS only. Differentiated cells were detected with Oil Red O 

staining18.  

(2) MC3T3-E1 cell culture 

The MC3T3-E1 pre-osteoblasts were maintained and differentiated into 

osteoblasts as described previously20. Briefly, 3T3-E1 cells were purchased 

from ATCC and maintained in α-MEM (Gibco, USA) containing 10 % FBS and 
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1 % penicillin/streptomycin. To induce osteogenic differentiation, the cells were 

seeded at a density of 2 × 105 cells/well and 50 ng/mL ascorbic acid (Sigma, 

USA) and 10 mΜ beta glycerophosphate disodium (Sigma, USA) were added 

to the growth media (α-MEM containing 10 % FBS and 1 % 

penicillin/streptomycin). The media was maintained for 7 days and changed 

every 2 days. 

(3) RAW 264.7 cell culture 

RAW 264.7 cells were cultured in DMEM (Gibco, USA) containing 10 % 

FBS and 1 % penicillin/streptomycin. To induce differentiation into osteoclasts, 

the cells were incubated in DMEM (Gibco, USA) containing 10 % FBS and 1 % 

penicillin/ streptomycin.with 50 ng/mL of receptor activator of nuclear factor 

kappa-B ligand (RANKL) (Enzo) at a concentration of 50 ng/mL for 6 days.  

(4) Mouse embryonic fibroblast (MEF) culture 

To obtain MEFs, WT and Dexras1 KO E14 embryos were isolated from a 

single heterozygous female that had been mated with a heterozygous male. The 

head and organs were discarded and the remaining carcass components were 

minced, followed by isolation into single cells with trypsin. The isolated MEFs 

were then plated and osteogenic differentiation was induced with α-MEM 

(Gibco, USA) containing 10 % FBS, 200 nМ BMP2, 50 ng/mL ascorbic acid 

(Sigma, USA), 10 mΜ beta glycerophosphate disodium (Sigma, USA), and 10 
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μM dexamethasone. Alizarin Red staining was performed on day 14. To induce 

adipogenesis, the cells were incubated with DMEM containing 10% FBS, 0.5 

mM IBMX, 10 μM dexamethasone, 10 μM rosiglitazone, and 200 nМ BMP4 

for 2 days. After 2 days, the media was changed to DMEM containing 10 % 

FBS and 10 μM dexamethasone. After inducing adipogenesis, cells were 

incubated in DMEM containing 10 % FBS, and the Oil Red O staining was 

performed on day 14. 

7. Transient transfection assay and siRNA 

The Dexras1-overexpressing vector (pcDNA3-Dexras1-FLAG) was generated 

as previously described18. Briefly, MC3T3-E1 cells were plated at a density of 2 × 

105 cells/well. The plasmid was packaged with Lipofectamine 2000 (Invitrogen, 

USA), and cells were transfected with either a control or Dexras1-overexpressing 

vector according to the manufacturer’s instructions. For siRNA treatments, the cells 

were plated in 35-mm-diameter dishes 18–24 hrs at a density of 8 x 104 before 

transfection. Cells were then treated with control or Dexras1-specific siRNA 

constructs at a concentration of 50 nМ (Dharmacon, USA) in Opti-MEM using 

RNAiMAX (Invitrogen, USA), according to the manufacturer’s protocols. The 

following day, the medium was changed to in α-MEM (Gibco, USA) containing 10 % 

FBS and 1 % penicillin/streptomycin containing 50 ng/mL ascorbic acid (Sigma, 

USA) and 5 mΜ beta glycerophosphate disodium (Sigma, USA) to induce 
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differentiation. Alkaline phosphatase (ALP) staining was performed on day 4 and 

Alizarin Red staining was performed on day 7. The Dextras1 siRNA sequence was: 

5’-UCAAA CAGCA GAUCC UAGAU U-3’. 

8. Alizarin Red and ALP staining 

Alizarin Red staining was completed 14 days after inducing osteogenesis. Cells 

were washed in phosphate-buffered saline (PBS), fixed in 70 % cold ethanol for 15 

mins, and treated with 2 % Alizarin Red (pН 4.2) for 5 mins. For ALP staining, cells 

were washed in PBS, followed by room temperature fixation in 3.7 % 

paraformaldehyde for 10 min. Cells were then stained with the ALP staining solution, 

which contained 0.25 % Naphthol AS-MX alkaline phosphate (Sigma, USA) and Fast 

Red Violet B Salt (Sigma, USA). 

9. RNA extraction and PCR analysis 

Gene expression was analyzed using Real-time -PCR. Total RNA was isolated 

from mouse cells or tissues using TRIzol (Invitrogen, USA) according to the 

manufacturer’s instructions. Briefly, 5 μg of total RNA was used as input to 

synthesize cDNA using random hexamer primers and SuperScript reverse 

transcriptase Ⅱ (Invitrogen, USA). RT-PCR was conducted with SYBR Green PCR 

Master Mix (Applied Biosystems, USA) using an ABI PRISM 7300 RT-PCR system 

(Applied Biosystems, USA). All data were normalized to 18S ribosomal RNA 

expression and the △△-Ct method was used for quantification (Applied Biosystems, 
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USA).  

10. Western blot analysis  

Cells were scraped with buffer containing 1 % SDS for protein extraction, and 

the BCA assay kit (Pierce) was used to quantify protein concentration. Equal amounts 

of protein were loaded into wells and SDS-PAGE was used for protein separation. 

The separated protein was then transferred to nitrocellulose membranes. Western blot 

analysis was completed with polyclonal antibodies against the following proteins: 

C/EBPα21, SMAD 1, pSMAD 1/5/8, ERK, phospho ERK (pERK), AKT, pAKT, p38, 

pp38, pβ-catenin (Cell signaling technology, USA), β-actin, RUNX2, β-catenin, 

GAPDH, PPARγ (Santa Cruz Biotechnology, USA), FLAG (Sigma, USA). Anti-

mouse, Anti-rabbit (Sigma, USA), ECL solution (Thermo, USA). 

11. Signal intensity quantification  

Band intensity of western blots was quantified by ImageJ software.  

12. ACTH measurement 

Plasma ACTH level was measured by ACTH ELISA kit (mdbiosciences, USA) 

according to the manufacturer’s instruction. Briefly, blood samples were isolated 

from infra vena cava of mice and plasma samples were used for measuring ACTH 

level.    

13. Statistical analysis 

All data are represented as the mean ± standard deviation (SD). An unpaired 
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Student’s t-test was used to determine statistical differences with a significance level 

of P < 0.05.   
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Table1. Sequences of oligonucleotide primers used for real time PCR (qPCR) 

  

Oligonucleotide Sequence(5’→3’) 

Dexras1 
Sense CGCCT CTCTA TCCTC ACAGG 

Antisense TCACT GGTCA ACTCC CTTCA CAAGC 

PPARγ 
Sense TCCGT GATGG AAGAC CACTC 

Antisense CCCTT GCATC CTTCA CAAGC 

RUNX2 
Sense AGATC CCAGG CAGGC ACAGT 

Antisense GAGGA AGGCC AGAGG CAGAA 

osteopontin 
Sense GCCGA GGTGA TAGCT TGGCT 

Antisense GACTC ATGGC TGCCC TTTCC 

osteocalcin 
Sense CTCAC AGATG CCAAG CCCAG 

Antisense TGTAG GCGGT CTTCA CGCCA 

MMP-9 
Sense CCATC CTTGC AATGT GGATG 

Antisense AGTAA GGAAG GGGCC CTGTA 

NFATc1 
Sense CGTAC CTTCC TGCCA ATGTT 

Antisense TGGTG AGCTG TTGGC TGTAC 

Ctsk 
Sense TCTCT CGGCG TTTAA TTTGG 

Antisense AAGTG GTTCA TGGCC AGTTC 

TNFSF11 
Sense GCTGG CTACC ACTGG AACTC 

Antisense GTGCA GTTGG TCCAA GGTTT 

SP7 
Sense GGAGG CACAA AGAAG CCATA 

Antisense GGGAA GGGTG GGTAG TCATT 

Leptin 
Sense TGACA CCAAA ACCCT CATCA 

Antisense TCATT GGCTA CTTGC AGCAC 

CD36 
Sense TGCAC CACAT ATCTA CCAAA 

Antisense TTGTA ACCCC ACAAG AGTTC 

aP2/422 
Sense TCTCC AGTGA AAACT TCGAT 

Antisense TTACG CTGAT GATCA TGTTG 
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Ⅲ. RESULTS 

1. Dexras1 deficiency ameliorated abnormal fat distribution caused by chronic 

glucocorticoid treatment. 

To develop a mouse model for human Cushing’s syndrome, we administered 

excess amounts of the glucocorticoid, dexamethasone, for 7 wks to Dexras1 KO and 

WT mice, based on previous data22 (Fig. 1A). Although no changes in food intake 

were observed between the two genotype groups (Fig. 1B), the Dexras1 KO mice that 

were treated with dexamethasone gained less weight when compared to WT mice 

with same condition (Fig. 1C). Dexamethasone treated Dexras1 KO mice exhibited 

reduced visceral obesity when compared to Dexamethasone treated WT mice, which 

exhibited an abnormal increase of fat deposits in the abdomen region (Fig. 1D-1G).  

Consistent with these observations, the sizes of adipocytes from Dexras1 KO mice 

were smaller than adipocytes from WT mice that received either a saline or chronic 

dexamethasone treatment (Fig. 1H). Chronic treatment with dexamethasone 

increased Dexras1 gene expression in various adipose tissues of WT mice including 

epididymal fat, inguinal fat, and brown fat tissues (Fig. 1J). These data imply that 

dexamethasone alters metabolic tissues, including adipose tissues. Probing further, 

we observed that Dexras1-deficient mice had no significant changes in interscapular 

brown adipose tissue (BAT) weight (Fig. 1I). Together, these results suggest that 

dexamethasone effects are primarily targeted to WAT and not to BAT.  
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I next investigated the adipogenesis gene expression profiles of WT and 

Dexras1-deficient mice. Consistent with histological analysis of WATs, adipogenesis 

gene expression was significantly decreased in WATs from Dexras1-deficient mice 

(Fig. 1K). Moreover, endogenous protein levels of C/EBPα, but not of PPARγ were 

significantly reduced in WATs from dexamethasone-treated Dexras1-deficient mice 

(Fig. 1L). Collectively, these data suggest that Dexras1 deficiency inhibits WAT 

adipogenesis under chronic glucocorticoid treatment.  
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Figure 1. Dexras1 KO mice were protected from steroid-induced abnormal fat 

distribution. (A) Schematic diagram of in vivo experiments. Ten-week-old wild-type 

(WT) or Dexras1 knockout (KO) mice (n = 3-5) were injected with vehicle or 

dexamethasone sodium phosphate at a dose of 50 mg/kg for 7 wks. All mice were fed 

a normal chow diet for 5 wks. During the final 2 wks, the chow was switched to a 60% 

high-fat diet. (B) Measurement of food intake. (C) 7 wks of body weight change in 

WT and Dexras1 KO mice. (n=3-5). (D) Dexras1 KO mice were resistant to chronic 

glucocorticoid-induced central obesity. (E) Less epididymal fat mass was observed in 

KOs treated with both the vehicle control and dexamethasone for 7 wks. (F) Weights 

of epididymal white adipose tissue (eWAT) from WT or Dexras1 KO mice that were 

injected with either the vehicle control or dexamethasone (n=3-5). (G) Dual energy 

X-ray analysis for measuring total fat mass of wild type and Dexras1 KO mice. (H) 
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H&E staining of eWAT from WT or Dexras1 KO mice treated with dexamethasone 

for 8 wks (scale bar = 100 μm). (I) Weight of interscapular brown adipose tissue (BAT) 

from WT and Dexras1 KO mice injected with vehicle or dexamethasone. All data are 

presented as mean ± SD. (J) Dexras1 mRNA expression in various tissues from wild-

type (WT) or Dexras1 knockout (KO) mice that were injected with vehicle or 

dexamethasone sodium phosphate at a dose of 10 mg/kg. Gene expression was 

analyzed by RT-PCR. (K) Relative mRNA expression of adipogenic genes in eWAT 

and inguinal WAT (iWAT) from mice injected with dexamethasone for 8 wks. (L) 

C/EBPα and PPARγ expression in eWAT from mice treated with glucocorticoids was 

analyzed by western blot. All data are presented as means ± SD, * P < 0.05; ** P < 

0.01. 
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2. Dexras1-deficient mice were resistant to steroid-induced osteoporosis. 

I next examined whether Dexras1-deficient mice exhibited bone defects, 

including osteoporosis, after chronic glucocorticoid treatment. While WT mice 

showed decreased bone mineral density upon dexamethasone treatment, Dexras1 KO 

mice were resistant to steroid-induced osteoporosis maintaining normal bone density 

(Fig. 2A and 2B). Furthermore, bone index values in trabecular bone confirmed that 

Dexras1-deficient mice were resistant to steroid-induced osteoporosis (Fig. 2C).  

The cortical fraction of a bone retains a group of cells that express MSC-related 

markers and these cells are known to have adipogenic, chondrogenic, and osteogenic 

differentiation potency23. Consistent with the trabecular analysis, cortical bone 

quality was increased in Dexras1 KO mice when compared to WT controls, which 

suggested that there was a greater quantity of MSC-derived osteocytes in the bones 

of Dexras1 KO mice than in WT bones (Fig. 2D). Serum levels of calcium and 

inorganic phosphate were similar between both mouse genotypes, implying that 

parathyroid-mediated osteoclast function was unchanged (Supplementary Fig. 3). 

The expression of osteoblast-related genes, such as Runx2, Bglap (encodes 

osteocalcin), Spp1 (encodes osteopontin), was increased in the long bones from 

Dexras1-deficient mice when compared to WT expression levels. In contrast, the 

expression levels of osteoclast-related genes, such as NF-kB and Tnfsf11, were 

unchanged between the two genotypes (Fig. 2E). On the basis of these data, I 
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proposed that resistance to steroid-induced osteoporosis in Dexras1-deficient mice 

was caused by an increase in MSC differentiation into mature osteoblasts that 

potentiate bone mineralization. 
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Figure 2. Dexras1 KO mice were resistant to steroid-induced osteoporosis. (A) 

Mouse femur bone mineral density was measured with dual-energy x-ray 

absorptiometry. Wild-type or Dexras1 knockout mice were injected with vehicle or 

dexamethasone for 8 wks and sacrificed for femur extraction (n=4-6). (B) Micro-

computed tomography scanning of right femurs was conducted and 3D images of the 

trabecular region were constructed. (C) Bone quality was evaluated by measuring 

trabecular bone parameters including the bone volume, the ratio of bone volume to 

tissue volume (BV/TV), the number of trabeculae (Tb.N), the bone surface density 

(BS/TV), the trabecular thickness (Tb.Th) and the trabecular separation (Tb.Sp) (n=3-

5). (D) Cortical bone from femurs were analyzed and bone quality was evaluated by 

measuring the ratio of bone volume (BV), the bone surface area (BS), the cortical 

bone surface to volume ratio (BS/BV), the bone surface density (BS/TV) and the 
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cross-sectional thickness (Cs.Th). (n=3-5). (E) Calcium and inorganic phosphate 

levels in serum. All data are presented as mean ± SD. (F) Relative mRNA expression 

of osteogenic genes in femurs and tibias from mice that were injected with 

dexamethasone for 7 wks. All data are presented as mean ± SD, * P < 0.05; ** P < 

0.01.  
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3. Dexras1 deficiency potentiated osteogenic differentiation of MSCs.  

To further explore the detailed molecular mechanisms by which Dexras1 

deficiency potentiates osteogenic differentiation, we isolated BMSCs from WT and 

Dexras1-deficient mice and induced BMSC to differentiate into osteocytes. Dexras1 

expression gradually decreased in MSCs from day 0 to day 3, which implied that a 

reduction in Dexras1 gene expression was critical to osteocyte differentiation (Fig. 

3A). Consistent with these data, ALP and Alizarin Red staining revealed that Dexras1 

deficiency potentiated osteogenesis in MSCs and MEFs (Fig. 3B and 3C). Gene 

expression profiles that included Runx2 and Spp1 revealed that Dexras1-deficient 

cells are prone to differentiate into osteoblasts (Fig. 3D and 3E).  

Consistent with previous reports18, mature adipocytes were sparse in mutant 

MEFs (Fig. 3F). Also, C/EBPα and PPARγ were downregulated in Dexras1-deficient 

MSCs, suggesting that the decreased adiposity observed in the Dexras1-deficient 

mice treated with dexamethasone was due to reduced MSCs differentiation capacity 

(Fig. 3G-3J). Fewer lipid droplets were observed in Dexras1-deficient bone marrow 

(Fig. 3K), which suggested that abolishment of Dexras1 was associated with 

attenuated differentiation of MSCs into adipocytes. Thus, Dexras1 deficiency 

decreased the adipogenesis capacity of MSCs.  
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Figure 3. Dexras1 KO MSCs and MEFs exhibited enhanced osteogenic 

differentiation and decreased adipogenesis. (A) Dexras1 mRNA expression in 

bone marrow stromal cells (BMSCs) induced to undergo osteogenic differentiation. 

Gene expression at the indicated timepoints was analyzed by RT-PCR. (B) Increased 

osteogenesis was observed in BMSCs from Dexras1 KO mice. Wild-type (WT) or 

Dexras1 knockout (KO) BMSCs were maintained in osteogenic medium for 14 days 

and stained with alkaline phosphatase (ALP) staining solution (left) at day 7 and 

Alizarin Red (middle) on day 14. Enhanced osteogenesis was observed in MEFs 

without Dexras1 (right). (C) WT or Dexras1 KO MEFs were maintained with 

osteogenic medium containing dexamethasone and stained with Alizarin Red at day 

14. (D) Loss of Dexras1 in mouse embryonic fibroblasts (MEFs) was associated with 

upregulation of osteoblastogenesis gene expression. Total RNA was extracted from 

osteogenesis-induced MEFs on day 3. Relative mRNA expression was analyzed by 

RT-PCR. (E) Osteogenesis-related mRNA expression was measured by RT-PCR at 

different timepoints after growth in osteogenic media. (F) Decreased lipid droplets in 

Dexras1 knockout MEFs. Cells were incubated in medium containing IBMX, insulin, 

and dexamethasone for 14 days, followed by staining with Oil Red O on the last day. 

(G) Relative mRNA expression of selected genes was measured by RT-PCR. Total 

RNA was isolated from BMSCs that were maintained in adipogenic medium for 3 

days. (H) Downregulated adipogenic gene expression in Dexras1 mutant MEFs. Total 
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RNA from cells on day 2 was analyzed by RT-PCR. All data are presented as mean ± 

SD. (I) Decreased expression of C/EBPα and PPARγ was observed in Dexras1 KO 

BMSCs. Western blot was performed on day 3 to analyze protein expression.      

(J) Western blot analysis indicated decreased expression of C/EBPα and PPARγ on 

day 2 in Dexras1 knockout MEFs. (K) Decreased marrow fat was present in Dexras1 

KOs. Oil Red O staining of femur cryosections from WT and Dexras1 KO mice 

treated with dexamethasone (n = 3 per group). All data are presented as mean ± SD, 

* P < 0.05; ** P < 0.01. 
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4. Dexras1 regulated osteocytes through increased osteoblast differentiation. 

To further define Dexras1-mediated osteogenesis, I examined the mRNA 

expression of Dexras1 during the first stage of differentiation in pre-osteoblasts using 

MC3T3-E1 cells. Similar to BMSCs, Dexras1 expression decreased during the first 

stage of differentiation. The expression of other genes, including Bglap and Spp1, 

was significantly upregulated during the same period of differentiation (Fig. 4A). 

Notably, overexpression of Dexras1 reduced osteogenic differentiation (Fig. 4B, 

upper) and downregulated osteoblast-related gene expression (Fig. 4B, lower). In 

contrast, transient knockdown of Dexras1 with siRNA increased osteoblast 

differentiation, which was confirmed by ALP staining (Fig. 4C, upper). Interestingly, 

mRNA levels of the genes, Runx2, Sp7, and Spp1 were also increased with Dexras1 

siRNA treatment. However, the gene Bmp2, which encodes for bone morphogenetic 

protein-2, a ligand involved in SMAD signaling, was downregulated under the same 

conditions (Fig. 4C, lower). These results suggest that Dexras1 modulates osteoblasts 

to regulate osteogenic differentiation.  

To examine whether Dexras1 directly controlled osteoclasts to modulate 

osteogenesis, I induced osteoclastogenesis with RANKL in the RAW 264.7 cell line. 

In these cells, Dexras1 gene expression was highest on day 3 (Fig. 4D), which 

indicated that early stages of osteoclastogenesis may be affected by Dexras1. 

Overexpression of Dexras1 decreased osteoclast-related gene expression (Fig. 4E), 
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and Dexras1 knockdown enhanced osteoclast-related gene expression (Fig. 4F). 

These data demonstrate that Dexras1 controls osteogenesis by specifically 

potentiating osteoblast differentiation. 
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Figure 4. Dexras1 mediated osteocyte regulation through osteoblasts, not 

osteoclasts. (A) Relative mRNA expression of Dexras1, Bglap, and Spp1 in MC3T3-

E1 cells was measured by RT-PCR. Cells were differentiated into osteoblasts and total 

RNA was extracted at the indicated time points. (B) Alkaline phosphatase (ALP) 

staining (upper) was performed on MC3T3-E1 cells induced to undergo osteogenesis. 
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Cells were transfected with the pcDNA or pcDNA-Dexras1-FLAG vector and 

differentiated into osteoblasts with ascorbic acid and beta glycerophosphate for 7 days. 

ALP staining was completed on day 7. Relative mRNA expression (lower) of cells 

overexpressing the pcDNA or pcDNA-Dexras1-FLAG vector. (C) ALP staining 

(upper) of cells induced to undergo osteogenesis. MC3T3-E1 cells were transfected 

with control or Dexras1 siRNA and differentiation was induced. ALP staining was 

completed on post-differentiation day 7. Relative mRNA expression (lower) of cells 

transfected with control or Dexras1 siRNA. Isolated total RNA was analyzed by RT-

PCR. (D) Relative mRNA expression of Dexras1, MMP-9, and Acp5 in RAW 264.7 

cells were measured by RT- PCR. Cells were differentiated into osteoclasts and total 

RNA was extracted at the indicated time points. (E) RAW 264.7 cells were transfected 

with the pcDNA or pcDNA-Dexras1-FLAG vectors and differentiated into 

osteoclasts for 6 days. Total RNA was extracted at day 3 for comparison between the 

two transfection groups. (F) RAW 264.7 cells were transfected with control or 

Dexras1 siRNA and differentiated into osteoclasts for 6 days. Total RNA was 

extracted at day 3, and gene expression was evaluated by RT-PCR. All data are 

presented as mean ± SD, * P < 0.05; ** P < 0.01. 
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5. Dexras1 mediated downregulation of osteogenic differentiation through 

reducing SMAD signaling. 

I observed that fully differentiated Dexras1-knockout osteocytes showed that 

SMAD 1/5/8 phosphorylation was upregulated followed by increased RUNX2 (Fig. 

5A). Consistently, only phosphorylated SMAD 1/5/8 level was up-regulated in 

knockouts MEFs compared to wild type (Fig. 5B).  

I confirmed that overexpression of Dexras1 in preosteoblasts dramatically 

reduced RUNX2 protein levels from day 0 to day 1 (Fig. 5C, upper). Phosphorylated 

SMAD 1/5/8 decreased within 3 hrs of inducing differentiation in Dexras1 

overexpressing cells, suggesting that Dexras1 reduces osteogenesis through 

regulation of SMAD phosphorylation during the early stages of differentiation (Fig. 

5C, middle). The mitogen-activated protein kinase (MAPK) pathway, which is 

involved in Dexras1-related adipogenesis, was unchanged in both Dexras1 

overexpressing and Dexras1 knockdown cells when compared to controls (Fig. 5C, 

lower and Fig. 5D, right). In addition, RUNX2 expression in the Dexras1 KO group 

was increased when compared to the control group (Fig. 5D, left).  
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Figure 5. Dexras1 mediated downregulation of osteogenic differentiation 

through reduced RUNX2 and SMAD signaling. (A) Bone marrow stromal cells 

(BMSCs) were maintained in osteogenic medium, and the expression of selected 

proteins on day 7 was analyzed by western blot. (B) Expression of osteogenesis-

related proteins in MEFs was analyzed by Western blotting. (C) MC3T3-E1 cells 

were transfected with pcDNA or pcDNA-Dexras1-FLAG vectors and incubated in 

osteogenic medium supplemented with ascorbic acid and beta glycerophosphate for 

7 days. Protein expression of RUNX2 (upper) was analyzed by western blot at the 

indicated timepoint. SMAD signaling (middle) and MAPK signaling (lower) were 

analyzed at the protein level by western blot at the indicated timepoints. Relative 

intensity of RUNX2 to -actin, pSmad1/5/8 to Smad1 and pERK to ERK was 

measured by ImageJ software. (D) MC3T3-E1 cells were transfected with control or 

Dexras1 siRNA and osteogenesis was induced. Representative western blots (upper) 

indicate decreased RUNX2 expression in Dexras1 overexpressing cells at the 

indicated timepoints. Phosphorylated and total ERK expression (lower) at indicated 

timepoints were analyzed by western blotting. 
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6. Dexras1 controlled glucocorticoid induced osteoporosis and abnormal 

adiposity. 

I accessed a public repository of GEO Profiles database (NCBI, Gene 

Expression Omnibus GSE30159)24 and found that gene expression of Dexras1 was 

upregulated in bone samples of patients diagnosed with adrenal adenomas according 

to the high levels of serum glucocorticoids. Cushing’s disease, which accompanying 

increased level of both glucocorticoid and ACTH, not affects level of Dexras1 in bone 

(Fig. 6A). 11β- Hydroxysteroid dehydrogenase type 1 (11 β HSD1) and type 2 (11 β 

HSD2), which act to convert inactive corticosterone to active corticosterone or vice 

versa, are known to be linked with increased obesity and type 2 diabetes25,26. However, 

our data showed that Dexras1 was not involved in the gene expressions of 11 β HSD1 

and 11 β HSD2, suggesting that Dexras1-related obesity did not balance between 

inactive and active glucocorticoids in dexamethasone treated mice (Fig. 6B). 

However, I found that Dexras1 KO mice represented increased level of plasma ACTH, 

suggesting that Dexras1 might have negative correlation with ACTH level (Fig. 6C). 

This finding suggests that Dexras1 can be a regulator of glucocorticoid induced 

osteoporosis in not only mouse models but also patients with Cushing’s syndrome.  
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Figure 6. Dexras1 is a critical factor involved in counter- balance between 

adipogenesis and osteogenesis. (A) Microarray analyzed with bone samples of three 

patients diagnosed with adrenal cortex adenoma and 6 patients with cushing’s disease 

were used for investigating gene expression levels of Dexras1. (GEO accession 

GSE30159; Lekva T et al., 2010). Transiliac crest bone biopsies with an inner 

diameter of 6 mm were obtained from CS patients under local anesthesia and stored 

in liquid nitrogen. Microarray analysis was performed essentially as previously 

described27, except that biotin-labeled cRNA probes were hybridized to HG U133 

Plus 2.0 Arrays (Affymetrix, Inc., Santa Clara, CA) (B) Hsd11b1 (11β-HSD1) and 

Hsd11b2 (11β-HSD2) gene expressions were analyzed by qRT-PCR. All data are 

presented as mean ± SD. (C) plasma ACTH level of WT and Dexras1 KO. Statistical 

significance was evaluated with unpaired student t test. *P < 0.05 (D) Summary 

model of Dexras1 regulation of adipogenesis and osteogenesis. 
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Ⅴ. CONCLUSION 

In conclusion, my results suggest that Dexras1 mediates the balance of 

adipogenesis and osteoblastogenesis in the commitment stage of MSCs. Thus, 

Dexras1 would be a potential therapeutic target for the treatment of osteoporosis 

induced by chronic steroid treatment and Cushing’s syndrome. 
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Ⅳ. DICUSSION 

Glucocorticoids have an important role in the hypothalamic–pituitary–adrenal 

axis, which bind to glucocorticoid receptor expressed on almost all kinds of cells 

including immune cells, adipocytes and osteocytes28. Since it is widely used as first 

line drug for treating disease caused by excess immune response, avoiding 

unnecessary side effects related to non- targeted tissue has to be inevitably overcome. 

Glucocorticoid induced osteoporosis is highly linked with high fracture risk29, 

otherwise most frequently requested distress related to glucocorticoid treatment is 

discovered as lipodystrophy30.  

I have previously reported that Dexras1 is a regulator of HFD-induced obesity18. 

Strikingly, dexamethasone, not HFD, induced upregulation of Dexras1, suggesting 

that Dexras1 plays critical role to induce obesity in response to glucocorticoid. Given 

that Cushing’s syndrome is well-known side effect of glucocorticoid treatment, 

Dexras1 might be a novel therapeutic target for the treatment of Cushing’s syndrome.  

Here, I found out Dexras1 as a therapeutic target for treating adverse effects of 

glucocorticoids such as osteoporosis as well as central obesity because it is known as 

molecule induced by glucocorticoids. Numerous studies have shown that 

glucocorticoid treatment induces both osteoporosis and abnormal adiposity. In my 

study, Dexras1 deficient mice are resistant to dexamethasone induced both 

osteoporosis and obesity. I demonstrated Dexras1 reduces osteogenesis both in vivo 
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and in vitro.  

At first, I hypothesized that Dexras1 only regulates cell fate determination and 

differentiation of osteoblasts, not osteoclasts, which derived from a lymphoid 

precursor cell. While Dexras1 down-regulates osteogenic gene RUNX2 under the 

high level of serum corticosterone in osteoblasts, Dexras1 deficiency upregulates 

osteoclast markers such as MMP-9 and NFATc1. My findings suggest that Dexras1 

plays a pivotal role to maintain equilibrium of cell population between osteoblasts 

and osteoclasts.  

There are many possible mechanisms explaining of glucocorticoid induced 

osteoporosis, including inhibition of IGF-1 activity, change of WNT/β-catenin/TCF 

signaling and downregulation of BMP signaling31-33. Among those possibilities, 

MAPK cascades and activation of β-catenin had no effect on Dexras1 related 

osteogenesis, but BMP signaling has shown to be strongly regulated by Dexras1, 

revealing that reduced level of Dexras1 increased gene expression of bmp4 and 

phosphorylation of SMAD1/5/8. Smad1/5/8-Smad4 complex has been known to 

control expression of Runx2 gene, a transcription factor crucial for activation of other 

osteoblast gene expression34. These data suggest that Dexras1 functions in a tissue-

specific manner. Thus, Dexras1 would be an attractive therapeutic target for the 

treatment of glucocorticoid-induced multiple symptoms.  

Furthermore, previous report indicated that loss of Dexras1 ameliorates diet-
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induced obesity, implying that steroid-induced fat distribution would be suppressed 

by Dexras1 deficiency18. Sasaki A et al.35 indicated high fat diet may trigger 

glucocorticoid signaling by increasing corticosterone receptors in rodent brain. In 

human, total cortisol production rate is increased in obese patients36. These data 

clearly suggest that diet-induced obesity and steroid-induced obesity share a common 

molecular mechanism mediated by glucocorticoid signaling. Since Dexras1 is 

involved in both high fat diet and glucocorticoid-induced obesity, it is plausible that 

Dexras1 counts for the molecular connection between serum glucocorticoids and 

obesity as we described previously18. 

Interestingly, I observed that long term treatment of glucocorticoids highly 

induced fatty marrow. Dexras1 deficiency ameliorated this phenomenon, indicating 

that Dexras1 directly acts on the differentiation of bone marrow-derived cells into 

either osteocytes or adipocytes in vivo. Dexamethasone accelerates adipogenesis by 

directly promoting the expression of adipogenic transcription factors C/EBPα, 

C/EBPβ, C/EBPδ, KLF5, KLF9, and PPARγ in the early phase of differentiation37. In 

my study, PPARγ has been shown to have little role in Dexras1 mediated adipogenesis 

whereas C/EBPα was dramatically changed in both level of mRNA and protein 

expression. It has been widely reported that PPARγ is altered by aging, immune 

response and high fat diet, implying that various environmental factors may result in 

changes of PPARγ gene expression38. Consistently, Tigliane Diterpenoids, known as 
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antiadipogenic agents targeting GR-Dexras1 axis, would protect against 

glucocorticoid- induced osteoporosis39. However, novel animal models are required 

to elucidate the physiological role of Dexras1 in Cushing's syndrome and to 

investigate the mechanism of pathogenesis in glucocorticoid-induced obesity. 

Human data analysis exhibited elevated glucocorticoids level is positively 

correlated to Dexras1, suggesting that Dexras1 would be clinical target for treating 

metabolic side effects of glucocorticoids such as Cushing’s syndrome. However, bone 

samples from Cushing’s disease patients known to have elevated level of both 

glucocorticoids and ACTH, did not exhibit any changes in Dexras1 gene expression, 

compared to its control (Fig. 6A). Previously, Dexras1 has been reported to interact 

with PRAF1, resulting in inhibition of ACTH secretion in response to high level of 

glucocorticoids40. My results indicated that Dexras1 could regulate negative feedback 

loop in Hypothalamus-pituitary-adrenal (HPA) axis in glucocorticoid-target tissues 

including adipose tissues and bone.  
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ABSTRACT (IN KOREAN) 

 

지방세포분화와 골분화의 균형 조절에서 Dexras1의 기능 

 

< 지도교수 김재우 > 

 

연세대학교 대학원 의과학과 

 

석조운 

 

지방 생성과정과 골 세포 형성과정은 같은 중간엽 줄기세포에서 

발생되기 때문에 지방세포 분화과정이 증가하면 반대로 골아 세포로의 

분화는 억제된다는 것이 널리 알려져 있다. 만성적으로 스테로이드 

치료를 하였을 때 내장지방증가와 골다공증과 같은 증상을 포함하는 

쿠싱 증후군이 유발된다. 따라서 중간엽 줄기세포에서 지방 세포 또는 

조골세포로 분화되는 과정은 쿠싱 증후군 치료제 개발에서 중요한 

표적일 수 있지만 만성적인 스테로이드 치료가 어떻게 중간엽 줄기 세포 

분화에 영향을 주는가에 관한 상세한 분자 메커니즘은 아직 불분명하다.  
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이전 연구에서 Dexras1이 지방 생성을 증가시키는 중요한 

단백질라는 사실이 보고된 바가 있다. 따라서, 나는 이 연구를 통해 

Dexras1이 스테로이드 사용 시 나타나는 지방세포생성과 골다공증의 

중요한 조절자임을 밝히려 한다. 고용량의 스테로이드를 장기간 투여했을 

때 Dexras1 이 결핍된 마우스는 정상마우스보다 지방생성이 감소되어 

있었으며 X선 촬영, 컴퓨터 단층 촬영 등을 통해 골 형성은 증가되어 

있다는 점을 밝혔다. 또한, Dexras1가 결핍된 골 유래 중간엽 줄기세포 

및 마우스 배아세포는 골 분화가 증가되어 있으며 이와 반대로 

지방세포로의 분화는 억제되어 있음을 확인하였다. 또한 Dexras1이 

결핍되었을 때 골세포 분화 시 SMAD 신호 전달 가 증가하며 

당질코르티코이드 호르몬이 많은 환자의 뼈에서 Dexras1의 유전자 

발현이 대조군에 비해 의미있게 증가하는 것을 확인하였다.  

이를 통해 나는 Dexras1 이 중간엽 줄기세포에서 지방세포, 

골아세포가 생성되는 과정을 조절하는데 중요한 단백질이며 

당질코르티코이드 치료에 의해 나타나는 지방생성 및 골다공증에서 치료 

타켓이 될 수 있음을 검증하였다.  
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ABSTRACT 

 

Dexras1 induces metabolic side effects of iatrogenic Cushing’s syndrome. 

 

Jowoon Seok 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Jae-woo Kim) 

 

Glucocorticoids (GCs) are steroid hormones with multiple roles in regulating 

essential body functions by controlling cell metabolism, growth, differentiation, and 

apoptosis. While GCs suppress inflammation, they affect various tissues resulting in 

side effects including central obesity, muscle weakness, and osteoporosis. In my 

previous study, I established that Dexras1 directly induced by GCs, acts as a regulator 

of adipogenesis and osteogenesis via its counter-regulating action.  

Here, I report that Dexras1 mediates the side effects of GCs on tissues related to 

metabolism incluing adipose tissues and skeletal musclesin corticotropin releasing 

hormone transgenic mice (CRH Tg) which show similar phenotypes of human 
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iatrogenic Cushing’s syndrome. Expression of Dexras1 was upregulated in GC-

related tissues including adipose tissue and muscle of CRH Tg mice, compared to 

wild type mice. CRH Tg mice had abnormal fat distribution and muscle atrophy, 

while CRH Tg-Dexras1 KO mice (CRH Tg-DexKO mice) had reduced mesentric fat 

as well as enhanced muscle mass. Furthermore, CRH Tg-DexKO mice had improved 

glucose sensitivity with lowered insulin and triglycerides, compared to CRH Tg mice. 

CRH Tg-DexKO mice were prone to catalyze fatty acids with high-energy 

consumption which was dependent on adipose tissue but not brown adipose tissue. 

CRH Tg mice adipocytes showed promoted lipid catabolism and biosynthesis 

including high levels of adipocyte-specific insulin like growth factor (IGF1) which 

were normalized by ablation of Dexras1. Similar to CRH Tg-DexKO mice, CRH Tg 

mice treated with IGF1R specific inhibitor (linsitinib) showed reduced fat mass with 

improved glucose sensitivity. Thus, Dexras1 is a key mediator of the metabolic side 

effects of iatrogenic Cushing’s syndrome by linking GCs to metabolism. 

 

 

 

  

Keywords: Dexras1, iatrogenic Cushing’s syndrome, CRH transgenic mice, IGF1, 

adipose tissue, skeletal muscle 



3 

 

Dexras1 induces metabolic side effects of iatrogenic Cushing’s syndrome. 

 

Jowoon Seok 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Jae-woo Kim) 

 

Ⅰ.  INTRODUCTION 

Glucocorticoids (GCs) are steroid hormones that have multiple roles with 

various physiological functions1. Notably, owing to their potent anti-inflammatory 

and immune-suppressive activity, synthetic glucocorticoids are the most prescribed 

drugs used for treatment of a broad spectrum including chronic inflammatory disease, 

dermatitis and sepsis2,3.  

Glucocorticoids bind to glucocorticoid receptors in the cytoplasm and enter the 

nucleus to form a homodimer. The complex binds to glucocorticoid response 

elements to trigger transcriptional reactions in several genes. Although glucocorticoid 

actions are generally described as anti-inflammatory, glucocorticoids can also exert 

pro-inflammatory effects in response to acute stress. There are two types of action 
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that significantly reduce the pro-inflammatory responses and increase anti-

inflammatory proteins2,4. Long-term exposure to glucocorticoids induces Cushing’s 

syndrome accompanied by various metabolic effects, including abnormal fat 

distribution, muscle weakness, and osteoporosis5.  

The development of specific therapeutic targets to overcome side effects induced 

by glucocorticoid is widely ongoing. Drugs such as nonsteroidal selective GR agonist 

(SEGRA) and RU486 have been developed as partial agonists to glucocorticoid 

receptors. However, there is a lack of research into the side effects of glucocorticoids, 

thus clinical application is limited6,7. Glucocorticoid-induced leucine zipper (GILZ) 

and MKP-1 are genes which selectively show immunosuppressive response only. 

However, there are insufficient studies investigating the side effect of these targets, 

and they do not have the exact same effect of synthetic glucocorticoids8,9.  

Developing a suitable mouse model for study is challenging because long-term 

treatment with glucocorticoids results in weight loss in mice10,11. This is one reason 

for the lack of research on glucocorticoid-induced side effects10,11.  

Dexras1, a small Ras family G-protein also known as RASD1, induced by the 

synthetic glucocorticoid dexamethasone12. Within cortical neurons, Dexras1 forms a 

ternary protein complex comprised of the scaffolding protein Nitric oxide synthase 1 

adaptor protein and neuronal nitric oxide synthase13. In vitro and in vivo models both 

demonstrate that Dexras1 contributes to adipogenesis by mediating glucocorticoid 
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effects and diet-induced obesity14. This action occurs through MAPK-ERK protein 

activity at the IGF-1 receptor downstream signals15. 

This study demonstrated that Dexras1 mediates the side effects of 

glucocorticoids on tissues related to metabolism in a corticotropin releasing hormone 

transgenic mouse (CRH Tg) model which shows similar phenotypes of human 

iatrogenic Cushing’s syndrome. Expression of Dexras1 was upregulated in 

glucocorticoid-related tissues, including adipose tissues and skeletal muscle tissues 

of CRH Tg mice, compared to WT mice. CRH Tg mice had abnormal fat distribution 

and muscle atrophy, while CRH Tg-Dexras1 KO mice (CRH Tg-DexKO mice) had 

reduced mesentric fat as well as enhanced muscle mass. Furthermore, CRH Tg-

DexKO mice exhibited improved glucose sensitivity with lowered insulin and 

triglycerides, compared to CRH Tg mice. CRH Tg-DexKO mice catalyzed fatty acids 

with high-energy consumption which was dependent on adipose tissue but not brown 

adipose tissue. Also, adipocytes of CRH Tg mice showed promoted lipid catabolism 

and biosynthesis including high level of adipocyte-specific IGF1, which was 

normalized by ablation of Dexras1. Similar to CRH Tg-DexKO mice, CRH Tg mice 

treated with an IGF1R specific inhibitor (linsitinib) showed reduced fat mass with 

improved glucose sensitivity. Results of this study indicate that Dexras1 may be a key 

mediator of metabolic side effects of Cushing’s syndrome by linkingglucocorticoid 

to the metabolism. 
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Ⅱ.  MATERIALS AND METHODS 

 

1. Subjects 

Six patients with myasthenia gravis at Severance Hospital (Seoul, Republic of 

Korea) were enrolled in this study. Inclusion criteria were: (1) aged 19 years or older, 

(2) scheduled for thymectomy to treat myasthenia gravis or remove thymoma, (3) 

consented to participate in study. Exclusion criteria was medical history of disease 

related to hypothalamus-pituitary-adrenal (HPA) axis. Mediastinal fat and 

subcutaneous fat were extracted from thymoma of the patients during the 

thymectomy and used for analysis of Dexras1 gene expressions and whole exome 

sequencing. This study was approved by the institutional review board of ethics in 

the severance hospital and informed written consent was obtained from each subject.   

2. Animals 

Dexras1 knockout (KO) mice (DexKO) were developed and genotyped as 

described previously14. CRH transgenic Dexras1 KO mice (CRH Tg-DexKO) were 

generated by crossing DexKO mice with mice carrying CRH transgene (CRH Tg) 

[JAX # 003210; Tg (CRH)227.1Pbl/J]. C57BL/6J WT, DexKO, CRH Tg, and CRH 

Tg-DexKO mice were maintained under a 12 hrs light/12 hrs dark cycle and housed 

with a maximum of 5 mice per cage. All animal experiments were approved by the 
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Association for Assessment and Accreditation of Laboratory Animal Care 

International.  

3. Measurement of hormone level  

Mice were fasted for 16 hours and anesthetized with Alfaxan 76 mg/kg and 

Xylazine 10 mg/kg.  Immediately after anesthesia, blood (0.7 mls) was collected 

into a BD tube from the infra vena cava using a 22-gauge needle. Serum was isolated 

from blood and used to determine the levels of hormones. Corticosterone levels were 

measured with radioimmunoassay (RIA) using a rat/mouse corticosterone RIA kit 

(125I, ICN Biomedicals, Costa Mesa, CA). Insulin levels were measured using an 

enzyme-linked immunosorbent assay (ELISA) kit (ALPCO, USA). IGF1 levels were 

checked with an ELISA kit (R&D System, USA).   

4. Indirect Calorimetry  

Whole-body energy expenditure (VO2, VCO2), food intake, and locomotor 

activity (beam break counts) were monitored with an automated combined indirect 

calorimetry system (Phenomaster; TSE Systems, USA). Mice were acclimated for 2 

days in a metabolic chamber before experiments. Then, the oxygen consumption rate 

(VO2; mL/kg/h), carbon dioxide production rate (VCO2; mL/kg/h), heat production 

rate (energy expenditure; kcal/kg/h), and activity were measured over a 3-day period. 
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The metabolic data were normalized with respect to lean body weight. All mice were 

maintained under a 12 hrs light/12 hrs dark cycle at 22 °C. 

5. Glucose tolerance test  

Intraperitoneal glucose tolerance test was performed in mice according to the 

international mouse phenotype consortium guidelines 

(https://www.mousephenotype.org/impress/ProcedureInfo?action=list&procID=531

&pipeID=7). Briefly, animals were fasted for approximately 16 h then fasting blood 

glucose levels were measured. Then a solution of glucose (2 g/kg) was administered 

by intraperitoneal (IP) injection. For oral glucose tolerance test, fasted mice were 

orally administered a glucose solution at a volume of 2 g/kg. Subsequent blood 

glucose levels were measured at different time points over the following 2 hrs. 

6. Biochemical assays 

Measurements of serum triglycerides (TG) or total cholesterol were determined 

with a commercial colorimetric assay (Thermo Scientific, USA). Mice were fasted 

for 4 hrs and sacrificed with CO2 chamber to collect blood from the infra vena cava. 

Serum was used to measure triglycerides and cholesterol levels.  

7. Histology of metabolic tissues 

Epididymal and inguinal white adipose tissue (WAT), interscapular brown 

adipose tissue (BAT), liver, and gastrocnemius muscle were fixed in 10% neutral-
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buffered formalin for 48 hrs, then processed and trimmed into paraffin blocks. 

Standard protocols were used to stain paraffin-embedded tissue sections with 

hematoxylin/eosin. 

8. 3T3-L1 cell culture and maintenance 

3T3-L1 preadipocytes were cultured and differentiated into adipocytes as 

previously described14. Briefly, 3T3-L1 preadipocytes were maintained in Dulbecco′s 

Modified Eagle′s Medium (DMEM) containing 100 U/Ml penicillin, 100 μg/mL 

streptomycin, and 8 μg/mL biotin, supplemented with 10 % (vol/vol) heat-inactivated 

calf serum at 37 °C, in an atmosphere of 90% air and 10% CO2. To induce 

differentiation, 2 days postconfluent 3T3-L1 cells (designated day 0) were incubated 

in DMEM containing 10 % fetal bovine serum (FBS), 0.5 mM 3-Isobutyl-1-

methylxanthine (IBMX), 1 μM dexamethasone, and 1 μg/mL insulin for 2 days. 

9. Transient siRNA transfection assay 

To treat siRNA, cells were plated in 35-mm-diameter dishes for 18–24 hrs at a 

density of 8×104 before transfection. Cells were then treated with control or IGF1R 

siRNA (cell signaling) constructs at a concentration of 20 nМ in Opti-MEM using 

RNAiMAX (Invitrogen, USA), according to the manufacturer’s protocols. 

10. RNA extraction and PCR analysis 
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Gene expression was analyzed using real time PCR. Total RNA was isolated 

from mouse cells or tissue samples and used as input to synthesize cDNA using 

random hexamer primers and SuperScript reverse transcriptase II (Invitrogen, USA). 

RT-PCR was conducted with SYBR Green PCR Master Mix (Applied Biosystems, 

USA) using an ABI PRISM 7300 RT-PCR system (Applied Biosystems). All data 

were normalized to 18S ribosomal RNA expression and the △△-Ct method was 

used for quantification (Applied Biosystems, USA). 

11. Western blot analysis  

Cells were scraped with buffer containing 1 % SDS for protein extraction, and 

the BCA assay kit (Pierce, USA) was used to quantify protein concentration. Equal 

amounts of protein were loaded into wells and SDS-PAGE was used for protein 

separation. The separated protein was then transferred to nitrocellulose membranes. 

Western blot analysis was completed with polyclonal antibodies against the following 

proteins: ERK, pERK, Akt, pAkt, pIGF1R (cell signaling, USA), IGF1Rß, ß-actin 

(Santacruz, USA). Anti-mouse, anti-rabbit (Sigma, USA), and ECL solution (Thermo, 

USA). 

12. Drug treatments 

OSI-906 (linsitinib) was purchased from Selleck Chemicals (München, 

Deutschland) and MedChem Express (NJ, USA). 20-week-old wild type and CRH 



11 

 

Tg mice were orally treated with either vehicle (5 % DMSO, 40 % PEG 300, 5 % 

Tween 80, and 50 % ddH2O) or OSI-906 (50 mg/kg) for 7 days.  

13. Whole exome sequencing and bioinformatics  

Sequencing libraries were constructed from total RNA as previously described. 

High-throughput sequencing was performed using a NovaSeq 6000. Raw reads for 

each library were mapped using HISAT2 program against human genome (the UCSC 

hg19). Mapped reads were converted to FPKM (fragments per kilobase of exon per 

million fragments mapped) following transcript assembly using StringTie. Analysis 

of differentially expressed genes (DEG) was performed with genes including in the 

criteria of fold change>=2 & Independent T-test raw p-value<0.05. 

14. Measurement of long chain fatty acid oxidation (FAO) 

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 

were measured by Agilent Seahorse XF Assay Kits (Agilent, USA) according to the 

manufacturer’s instruction. Briefly, fully differentiated 3T3-L1 cells were incubated 

with low glucose, low glutamine, and L-cartinine medium for 12 hrs before the 

measurement of OCR. Cells were then treated with vehicle or OSI 906 1 hr before 

measurement. Palmitate-BSA was added just before measurement. Oxygen 

consumption was blocked by oligomycin (3 μM), an ATP synthase inhibitor and the 

ionophore FCCP (carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; 1 uM) 
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assayed maximal respiratory capacity of mitochondria. Rotenone plus antimycin A 

(2 μM), a mitochondrial inhibitor, was used to block mitochondrial respiration. To 

confirm fatty acid oxidation in OCR, vehicle or etomoxir (CPT1 inhibitor) was added 

just before treatment of oligomycin.   
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Table1. Sequences of oligonucleotide primers used for real time PCR (qPCR) 

  

Oligonucleotide Sequence (5’→3’) 

Dexras1 
Sense CGCCT CTCTA TCCTC ACAGG 

Antisense TCACT GGTCA ACTCC CTTCA CAAGC 

IGF1 
Sense CTC TTC TAC CTG GCG CTC TG 

Antisense TCC GGA AGC AAC ACT CAT CC 

GPAT3 
Sense TCC TGC TAC CTC TGA GGG TC 

Antisense TGG ATG GTG CCA GAT AGG GA 

DGAT2 
Sense ACG CAG TCA CCC TGA AGA AC 

Antisense AGG GGG CGA AAC CAA TAT AC 

FASN 
Sense TGG GTT CTA GCC AGC AGA GT 

Antisense ACC ACC AGA GAC CGT TAT GC 

SCD2 
Sense GCT CTC GGG AGA ACA TCT TG 

Antisense CAG CCC TGG ACA CTC TCT TC 

MGLL 
Sense GCTCCCCTGAAGCAGTGAAAC 

Antisense GGCCCTCCGTAAAGATAGAAGTG 

ATGL 
Sense TGC AGC ACA TTT ATC CCG GT 

Antisense TGG ATG TTG GTG GAG CTG TC 

UCP1 
Sense TCT CAG CCG GCT TAA TGA CT 

Antisense GTC GGT CCT TCC TTG GTG TA 

Ppargc1a 
Sense CCG AGA ATT CAT GGA GCA AT 

Antisense TTT CTG TGG GTT TGG TGT GA 

Hsd11b1 
Sense CCA TGA CGA CAT CCA CTC TG 

Antisense GCA ATC ATA GGC TGG GTC AT 

NR3C1 
Sense CTA CCC TGG TGT CAC TGC TG 

Antisense TGG TAT CGC CTT TGC CCA TT 

Rasd2 
Sense GCT CTC CAT CCT CAC AGG AG 

Antisense TGG TCA TTC TTG TTC CCA CA 

 

 

 

 

  



14 

 

Ⅲ. RESULTS 

1. Dexras1 is upregulated only in human iatrogenic Cushing’s syndrome, not in 

Cushing’s disease.  

To confirm the role of Dexras1 as a mediator of glucocorticoids in human 

adipose tissue, the whole exome sequencing data of mediastinal fat from patients with 

myasthenia gravis was analyzed and compared between patients who received 

glucocorticoid therapy (GCs-treated) and those who did not receive glucocorticoid 

therapy (untreated) (Fig. 1A). In the GCs-treated group, 63 genes were downregulated 

and 130 genes were upregulated, compared to the untreated group (Fig. 1B). The 

GCs-treated group showed distinct gene clusters, compared to the untreated groups. 

Lipogenic genes, including DGAT2 and FASN, which are known as glucocorticoid-

responsive genes, were upregulated in the GCs-treated group (Fig. 1C). Interestingly, 

only Dexras1, not the other genes in the Ras family, was upregulated in the adipose 

tissues of the GCs-treated group, while there was no change in Dexras1 in Cushing’s 

disease and its control groups (Fig. 1C and 1D). These data suggest that Dexras1 

distinguished between iatrogenic Cushing’s syndrome and Cushing’s disease, which 

are distinguished by their different levels of adrenocorticotropic hormone.  

GCs-treated group effectively represented Cushing’s syndrome. Both GCs-

treated and Cushing’s disease regulated metabolic pathways and fatty acid 
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metabolism. However, GC-treated groups showed changes in the signaling pathway 

downstream of insulin (Fig. 1E). Gene Set Enrichment Analysis (GSEA) showed that 

fat cell differentiation was enhanced in the GCs-treated group—this was not shown 

in the Cushing’s disease group (Fig. 1F). Both types of Cushing’s syndrome were 

featured with upregulated genes related to the neutral lipid metabolic process (Fig. 

1G). Cushing’s syndrome is associated with increasing visceral fat, and decreasing 

subcutaneous fat. Thus, the expression of Dexras1 was analyzed in both types of fat 

tissue in the same individual. Strikingly, Dexras1 was upregulated only in visceral fat, 

but not in the subcutaneous fat of the GCs-treated group. This indicates that Dexras1 

could be a regulator of abnormal fat distribution in Cushing’s syndrome (Fig.1H). 

Collectively, these data indicate that Dexras1 may have an important function in 

iatrogenic Cushing’s syndrome and as a driver of glucocorticoids-dependent 

metabolic change.  
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Figure 1. Dexras1 is elevated in adipose tissues of glucocorticoid-treated patients 

via the insulin signaling pathway. (A) Schematic diagram of a human study for 

glucocorticoid-related visceral fat accumulation. Mediastinal fat samples were 

collected from patients with myasthenia gravis who were either treated with 

glucocorticoids (GCs-treated) or not treated with glucocorticoids (untreated). For 

analysis of Cushing’s disease, a database deposited in GSE66446 was used16. (B) 

Volcano plot of differentially expressed genes (DEGs) between GCs-treated and 

untreated groups. (C) Hierarchical clustering for RNA sequencing data of GCs-

treated and untreated groups. (D) Read counts of genes included in the Ras family. 

Read counts are represented with log2 (FPKM+1). (E) Kyoto Encyclopedia of Genes 

and Genomes (KEGG) pathway. Common pathway represents pathway differentially 

regulated in both iatrogenic Cushing’s syndrome and Cushing’s disease. Unique 

pathway means that differentially regulated pathways only in iatrogenic Cushing’s 

syndrome or Cushing’s disease. Gene Set Enrichment Analysis (GSEA) analysis and 

heat map of genes including ontology named genes (F) Fat cell differentiation. (G) 

Neutral lipid metabolic process. (H) Dexras1 gene expression in visceral and 

subcutaneous white adipose tissues (WAT) of GCs-treated and untreated groups.   
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2. Dexras1 mediates glucocorticoid-dependent obesity in CRH Tg mice.  

To further define the role of Dexras1 in glucocorticoid-related metabolic features, 

a CRH Tg mouse model which mimics human Cushing’s syndrome was used for 

experiments. CRH Tg mice have increased levels of ACTH and corticosterone17. It 

was hypothesized that Dexras1 would be effectively regulated in glucocorticoid-

targeted tissues (Fig. 2A). Interestingly, the level of Dexras1 (Rasd1) was upregulated 

in the tissues related to glucocorticoid, including adipose tissue and skeletal muscles. 

However, Rasd2, which conserved a similar nucleotide sequence with Rasd1, was 

downregulated in glucocorticoid-targeted tissues (Fig. 2B).  

In order to uncover the role of Dexras1, CRH Tg-Dexras1 KO mice (CRH-

DexKO mice) were generated by mating CRH Tg and Dexras1 KO mice (Fig.2C). 

CRH Tg-DexKO mice showed apparently improved disease phenotypes, compared 

to CRH Tg-DexWT mice (Fig. 2D). Furthermore, CRH Tg-DexKO mice gained less 

weight than CRH Tg-DexWT mice (Fig. 2E). In detail, loss of Dexras1 in CRH Tg 

mice decreased the weight of gonadal fat and increased the mass of the kidneys, heart, 

and brain. This suggests that CRH Tg-DexKO mice were resistant to glucocorticoid-

induced central obesity and normalized tissues related to the HPA axis (Fig. 2F-2H). 

While CRH Tg-DexWT mice had larger adipocytes than WT mice, CRH Tg-DexKO 

mice had similar sized adipocytes to control mice. However, there was no change in 

fat accumulation and fibrosis of livers between CRH Tg-DexWT and CRH Tg-
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DexKO mice. This indicates that reduced adipocyte size was unrelated to changes in 

the liver (Fig. 2I and 2J). These results indicate that Dexras1 mediated glucocorticoid-

dependent central obesity.   
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Figure 2. Loss of Dexras1 ameliorates glucocorticoid-induced obesity shown in 

CRH Tg mice. (A) Schematic diagram of the mouse model selection process. (B) 

Gene expression of Dexras1 (Rasd1) and Rasd2 in WAT, BAT, Liver, skeletal muscles 

and bones of WT and CRH Tg mice. (C) Schematic diagram of CRH Tg-DexKO mice 

generation process. (D) Phenotypical changes in WT, DexKO, CRH Tg, and CRH 
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Tg-DexKO mice. (E) Body weight change over 10 wks. (F) Proportion of weights in 

WAT, BAT, liver, spleen, kidney lung, heart and brain to total body weight. (G) Dual 

energy X-ray analysis (DEXA). (H) Epididymal fat of WT, DexKO, CRH Tg, and 

CRH Tg-DexKO mice. (I) Haemotoxylin and Eosin (H&E) staining of gonadal WAT 

and liver tissue (scale bar = 100 μm). (J) Size of adipocytes in WT, DexKO, CRH Tg, 

and CRH Tg-DexKO mice was determined by image J software.  
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3. Loss of Dexras1 was protective from glucocorticoid-related muscle atrophy 

increasing genes related to myogenesis. 

GCs can induce muscle fiber changes including muscle atrophy and myopathy 

resulting in muscle weakness18-20. In this study, Dexras1 was dramatically upregulated 

in the skeletal muscle of CRH Tg mice, compared to WT mice (Fig. 2B). To verify 

the differences in muscle between the CRH Tg-DexWT and CRH Tg-DexKO mice, 

the skeletal muscles, including the gastrocnemius and soleus, were isolated from the 

mice and excised for analysis. Interestingly, the gastrocnemius of CRH Tg-DexKO 

mice showed increased muscle mass, compared to that of the CRH Tg-DexWT mice 

(Fig. 3A). Also, CRH Tg-DexKO mice showed larger muscle fibers in the 

gastrocnemius than the CRH Tg-DexWT mice. This implies that loss of Dexras1 in 

muscle results in enlarged muscle fibers and increased muscle mass (Fig 3B and 3C). 

However, there was no diferences in the muscle fiber of the soleus, between CRH Tg-

DexWT and CRH Tg-DexKO mice (Fig. 3D). Ablation of Dexras1 enhanced gene 

expression related to myogenesis including myogenin, MyoD, but not muscle atrophy. 

This suggests that increased myogenesis resulted in increased muscle mass in CRH 

Tg-DexKO mice (Fig. 3E). Collectively, these data suggest that loss of Dexras1 

prevents glucocorticoid-related muscle atrophy, inducing myogenesis-related gene 

expression in skeletal muscle. 
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Figure 3. Loss of Dexras1 was protective against glucocorticoid-related muscle 

atrophy increasing genes related to myogenesis. (A) Proportion of muscle mass (g) 

of gastrocnemius to total body mass (g) in WT, DexKO, CRH Tg, and CRH Tg-

DexKO mice. Data represents mean ± SD, * P < 0.05; ** P < 0.01. (B) H&E staining 

of gastrocnemius in WT, DexKO, CRH Tg, and CRH Tg-DexKO mice (scale bar = 

100 μm). (C) Muscle fiber size of gastrocnemius was determined by image J software. 

Statistical significance was verified by unpaired student t-test. (D) H&E staining of 

soleus in CRH Tg, and CRH Tg-DexKO mice (scale bar = 100 μm). (E) Gene 

expression related to skeletal muscle in gastrocnemius of CRH Tg, and CRH Tg-

DexKO mice measured by qPCR. Data represents mean ± SD, ** P < 0.01. 
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4. Ablation of Dexras1 in CRH Tg mice improved insulin sensitivity and 

hypertriglyceridemia.   

Given the role Dexras1 in glucocorticoid-induced phenotypical changes, the 

metabolic differences between CRH Tg-DexWT and CRH Tg-DexKO mice were also 

examined. As expected, CRH Tg-DexKO mice showed improved glucose tolerance 

with lower insulin levels, compared with CRH Tg-DexWT mice (Fig. 3A and 3B). 

Furthermore, CRH Tg-DexWT mice had higher levels of serum TG and uric acid than 

WT mice, but loss of Dexras1 ameliorated this phenomenon (Fig. 2C).  

To further investigate the reason for this change in adipose tissues and skeletal 

muscles, the amount of glucocorticoid and its hormonal activity were measured. As 

previously reported, CRH Tg-DexWT mice showed high levels of corticosterone 

(CORT), compared to WT mice. CRH Tg-DexKO mice also showed unchanged 

levels of CORT. These results suggest that the levels of CORT are not responsible for 

the difference observed between the 2 types of mice (Fig. 2D). CRH Tg-DexKO mice 

and CRH Tg-DexWT mice showed similar expressions of HSD11b1, which converts 

inactive CORT to active CORT. In addition, CRH Tg-DexWT and CRH Tg-DexKO 

mice expressed the same levels of glucocorticoid receptors in adipose tissue (Fig. 2E).  

CRH Tg-DexKO mice and CRH Tg-DexWT mice exhibited similar movement 

patterns and were fed similar food, indicating that loss of Dexras1 did not affect 
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metabolic activity related to the brain (Fig. 2F and 2G). Furthermore, expression of 

thermogenic genes in BAT was unchanged in CRH Tg-DexKO mice, compared to 

CRH Tg-DexWT mice. This suggests that changes in energy metabolism in CRH Tg-

DexKO mice resulted from WAT, but not BAT (Fig. 2I). These results indicate that 

loss of Dexras1 in CRH Tg mice results in improved metabolic activity which is 

dependent on decreased adipose tissue.  
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Figure 4. Ablation of Dexras1 in CRH Tg mice improved metabolic activity. (A) 

Oral glucose tolerance test (OGTT), (B) serum insulin levels, (C) serum triglycerides 

(TG) levels, (D) serum uric acid (UA) levels, and (E) serum corticosterone (CORT) 

levels. (F) Adipocyte-specific gene expression of Hsd11b1 and NR3C1 in WT, 

DexKO, CRH Tg, and CRH Tg-DexKO mice. (G) Activity of WT, DexKO, CRH Tg, 

and CRH Tg-DexKO mice measured by XY-Z counts. (H) Food intake of WT, 

DexKO, CRH Tg, and CRH Tg-DexKO mice. (I) Interscapular BAT of WT, DexKO, 

CRH Tg, and CRH Tg-DexKO mice (left). BAT-specific gene expressions in WT, 

DexKO, CRH Tg, and CRH Tg-DexKO mice were measured by RT-PCR (right).   
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5. Loss of Dexras1 potentiates mitochondrial fatty acid oxidation in the WAT of 

CRH Tg mice. 

To elucidate phenotypical metabolic change in CRH Tg-DexKO mice whole 

exome sequencing (RNA sequencing) was performed on the WAT of CRH Tg-

DexWT and CRH Tg-DexWT mice (Fig. 5A). Given that glucocorticoids upregulate 

the lipid biosynthetic and metabolic processes of WAT21, glucocorticoid-related 

lipogenic and lipolytic gene transcripts were increased in CRH Tg mice, compared to 

WT mice (Fig. 5B). Although DexWT and DexKO mice transcript sequences showed 

similar patterns of gene expression, CRH Tg-DexWT and CRH Tg-DexKO mice 

showed distinct changes with 2103 DEGs (Fig. 5C). Among the DEGs, genes related 

to fatty acid metabolic process were upregulated in CRH Tg-DexKO mice (Fig. 5D). 

Interestingly, CRH Tg-DexKO mice showed increased transcription related to the 

mitochondrial matrix (Fig. 5E) and fatty acid oxidation in mitochondria (Fig. 5F). 

According to the gene expression profiles, CRH Tg-DexKO mice had increased rates 

of VO2 and VCO2, and lowered repiratory exchange ratio (RER) (Fig. 5G). These 

data suggest that loss of Dexras1 upregulates fatty acid oxidation in mitochondria, 

which increases the metabolic rate, resulting in decreased adipose tissue.  
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Figure 5. Loss of Dexras1 potentiates mitochondrial fatty acid oxidation in the 

WAT of CRH Tg mice (A) Schematic diagram of RNA sequencing analysis for CRH 

Tg-DexWT and CRH Tg-DexKO mice. (B) Read counts of glucocorticoid-responsive 

genes related to lipid metabolism represented in log2 (FPKM). (C) Heatmap of all 

gene sets differences between CRH Tg-DexWT and CRH Tg-DexKO mice. (D, E) 

Enrichment plot from gene set enrichment analysis (GSEA) conducted with probe 

sets expressed at high levels in CRH Tg-DexKO mice, compared to CRH Tg-DexWT 

mice. (F) Heatmap of genes related to fatty acid oxidation in mitochondria. (G) 

Respiratory exchange ratio calculated from VO2 and VCO2.   
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6. Dexras1 regulates adipocyte-specific IGF1 downstream signals, mediating the 

action of glucocorticoid in adipose tissues.  

Transcriptions of genes related to PI3K-Akt signalling pathway and insulin 

secretion were different between CRH Tg-DexKO and CRH Tg-DexWT mice (Fig. 

6A). Among the gene sets included in those pathways, IGF1, which is commonly 

upregulated in the adipose tissues of CRH Tg mice and glucocorticoid-treated 

patients, was identified as a gene which was normalized by the loss of Dexras1 in 

CRH Tg mice (Fig. 6B and Fig. 6C). Interestingly, loss of Dexras1 in CRH Tg mice 

downregulated adipocyte-specific levels of IGF1 (Fig. 6C and Fig. 6D), suggesting 

that that the glucocorticoid-dependent mechanisms are closely related in Dexras1 and 

IGF1. 

To verify whether inhibition of IGF1 downstream signals regulated 

glucocorticoid-related obesity, IGF1R specific inhibitor OSI 906 was administered to 

CRH Tg mice and 3T3-L1 preadipocytes (Fig. 6E). Treatment with OSI 906 

successfully inhibited fat cell differentiation in 3T3-L1 (Fig. 6F) and IGF1R 

downstream signals including phosphorylation of Akt (Fig. 6G). Phosphorylated Akt 

was also downregulated in cells with transiently repressed IGF1R. This indicates that 

OSI 906 effectively decreases IGF1R downstream signals (Fig. 6I). Interestingly, 

treatment with OSI 906 enhanced the OCR in mature adipocytes fed on palmitate. 
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This indicates that inhibition of IGF1R potentiated mitochondrial fatty acid oxidation 

(Fig. 6J) which suggests that treatment with OSI 906 could mimic the metabolic 

change shown in CRH Tg-DexKO mice.  

To further evaluate whether OSI 906 is a potentially appropriate regimen for 

Cushing’s syndrome, OSI 906 was administered to CRH Tg mice for 1 week. 

Treatment of 50 mg/kg of OSI 906 perfectly repressed in vivo IGF1R downstream 

signals and reduced weight in CRH Tg mice (Fig. 6J and 6K). CRH Tg mice treated 

with OSI-906 had less fat mass and smaller adipocytes, compared to the controls (Fig. 

6L and 6M). However, the size of muscle fibres was unchanged, despite OSI 906 

treatment. This indicates that inhibition of IGF1R downstream signals only resulted 

in changes in adipose tissue, but not in skeletal muscle. Furthermore, CRH Tg mice 

treated with OSI 906 showed improved insulin sensitivity, compared to CRH Tg mice 

treated with a vehicle (Fig. 6P). Taken together, these results indicate that treatment 

with OSI 906 may be an effective therapeutic for glucocorticoid-related obesity. 
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Figure 6. Dexras1 induces glucocorticoid-related obesity through IGF1 

downstream signals. (A) KEGG pathway analysis of differentially expressed genes 

of CRH Tg-DexWT and CRH Tg-DexKO mice. (B) Insulin like growth factor (IGF1) 

read counts for human adipose tissues from untreated and GC-treated patients. (C) 

Adipocyte-specific IGF1 expression of WT, DexKO, CRH Tg, and CRH Tg-DexKO 

mice. (D) Serum IGF1 level of WT, DexKO, CRH Tg, and CRH Tg-DexKO mice. 

(E) Schematic diagram of inhibiting glucocorticoid-related signals via OSI 906. (F) 

Oil Red O (ORO) staining of 3T3-L1. Cells were treated with either vehicle (DMSO) 

or OSI-906. (G) Western blots of molecules in IGF1 downstream signals. Cells were 

harvested 15 mins after induction of differentiation. (H) Western blots of molecules 

in IGF1 downstream signals. 3T3-L1 cells were treated with negative control siRNA 

or IGF1R specific siRNA. (I) Oxygen consumption rate in 3T3-L1 preadipocytes with 

or without OSI 906 treatment. (J) Proteins from adipose tissues of wild type mice 
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were used to verify in vivo effects of OSI-906. Mice were treated orally with either 

vehicle or OSI-906 for 1 hr. 0.75U/kg of insulin was injected 5 mins before tissue 

extraction. (K) Change in body weight of WT, vehicle-treated CRH Tg, and OSI 906-

treated CRH Tg mice. (L) Percentage of fat mass of WT, vehicle-treated CRH Tg, 

and OSI 906-treated CRH Tg mice was measured by DEXA scan. (M) H&E staining 

of WAT and skeletal muscle. (scale bar = 100 μm). (N) Size of adipocyte was 

determined by image J software. (O) Size of muscle fiber determined by image J 

software. (P) Intraperitoneal glucose tolerance test (IPGTT) performed with vehicle-

treated CRH Tg mice and OSI 906-treated CRH Tg mice. 
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Ⅳ. CONCLUSION 

Dexras1 was upregulated in adipose tissue from GC-treated patients, compared 

to untreated patients. CRH Tg mice which express a similar phenotype to Cushing’s 

syndrome, showed elevated expression of Dexras1 in metabolic tissues. CRH Tg-

DexKO mice showed less fat mass, increased muscle fiber, enhanced glucose 

tolerance, and lowered insulin and triglyceride levels. Although CRH Tg-DexKO 

mice showed hormone levels and BAT activity which were similar to CRH Tg-

DexWT mice, CRH Tg-DexKO mice exhibited enhanced fatty acid oxidation and 

increased mitochondrial gene expression. CRH Tg-DexKO mice ameliorated 

adipocyte-specific IGF1 expression, which was increased in CRH Tg mice. Finally, 

CRH Tg mice treated with IGF1R specific inhibitor showed less fat mass and 

increased glucose tolerance.  
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Ⅴ. DISCUSSION 

Iatrogenic Cushing’s syndrome, also called exogenous Cushing’s syndrome, is 

caused by excess amounts of cortisol, and is closely associated with quality of life 

and mortality rate of patients22-25. About 1 % of the general population receives 

systemic glucocorticoids. Moreover, in the United States, long-term oral 

glucocorticoid prescriptions have increased by 34 % over the past 20 yrs26. However, 

the number of patients with iatrogenic Cushing’s syndrome cannot be counted, 

because there are no apparent biomarkers.  

Dexamethasone has an essential function in inducing the differentiation of 

preadipocytes, including 3T3-L1. Dexras1 is a molecule which mediates 

dexamethasone and fat cell differentiation in vitro and in vivo14,15. In the current study, 

Dexras1 was increased in adipose tissues and skeletal muscle in response to high 

corticosterone levels. This data suggests that Dexras1 could be a mediator in adipose 

tissue as well as other metabolic tissues. CRH Tg-DexKO mice showed strikingly 

reduced fat mass and increased skeletal muscle, compared to CRH Tg-DexWT mice. 

This suggests that Dexras1 may act as a mediator regulating multiple tissue types 

related to metabolism.  

Furthermore, this study focused on a mouse model, CRH Tg, which presents 

symptoms which closely resemble those of human iatrogenic Cushing’s syndrome. 
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Although CRH Tg mice showed both elevated CORT and ACTH levels, because the 

expression of Dexras1 was elevated in various tissues, these mice were considered 

adequate to represent the role of Dexras1 in iatrogenic Cushing’s syndrome. 

Previously, I showed that Dexras1 plays an important role in both adipose and 

bone in a tissue-specific manner27. In this study, it was showed that CRH Tg-DexKO 

mice muscle shows increased phosphorylation of activated protein kinase (AMPK; 

data not shown), which enhances the metabolic rate of muscles. 5′-AMPK is an 

energy sensor which increases potential ATP production in response to energy 

depletion, while concurrently decreasing the anabolic pathway of the energy 

source.28-31 However, whether the exercise-induced activation of AMPK is directly 

associated with lowering protein synthesis in skeletal muscle, whereas it is certain 

that exercise induces activation of AMPK, followed by increasing muscle mass.30,32,33 

Furthermore, the activation of AMPK has been demonstrated to increase FFA uptake 

in perfused rat muscle.34 This suggests that activation of AMPK may increase muscle 

mass while decreasing FFA. However, in fat tissue, CRH Tg-DexKO showed 

decreased IGF1 secretion. This suggests that Dexras1 regulates both adipose tissue 

and skeletal muscle in a tissue-specific manner. IGF1 has an important role in 

strengthening skeletal muscles, whereas induce fat accumulation in adipose tissues. 

Essential amino acids derived from degraded muscle fiber may act on adipose tissue, 
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resulting in increased IGF1 levels. Thus, glucocorticoids may induce lower levels of 

AMPK in skeletal muscle, leading to muscle atrophy. Amino acids derived from 

skeletal muscle increased adipocyte IGF1 levels, causing decreased fatty acid 

oxidation in adipose tissue resulting in obesity. Future studies investigating how 

Dexras1 regulates AMPK are recommended. 

 IGF1 specific inhibitor OSI 906 was first introduced as a cancer treatment 

which was tested up to phase three35. Inhibition of IGF1 did not critically reduce 

HFD-induced obesity36, however inhibition of IGF1 has the potential to dramatically 

reduce obesity in iatrogenic Cushing’s syndrome. Dexras1 may explain the difference 

between HFD-induced obesity and obesity in iatrogenic Cushing’s syndrome through 

its differential gene expressions in response to different stimuli. Results of the current 

study indicate that OSI 906 does not reverse glucocorticoid-induced muscle atrophy. 

However, treatment of both OSI 906 and metformin (AMPK activator) targeted both 

adipose tissue and skeletal muscle tissue, resulting in overcome of obesity and muscle 

atrophy in Cushing’s syndrome.  
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ABSTRACT (IN KOREAN) 

 

외인성 쿠싱증후군에서 나타나는 대사적 부작용에 Dexras1 이 

미치는 영향 

 

<지도교수 김재우> 

 

연세대학교 대학원 의과학과 

 

석조운 

 

당질 코르티코이드는 여러 생리적 기능을 하는 것으로 알려진 

호르몬이다. 이 호르몬은 면역기관 뿐만 아니라 다양한 기관에도 영향을 

미치기 때문에 중심성 비만, 근위축증, 골다공증과 같은 부작용이 많이 

발생한다. 앞선 연구에서, 나는 당질 코르티코이드의 중간 매개체로서 

지방생성 및 골 생성을 조절하는 Dexras1의 기능을 밝혔다. 이 

연구에서는 Dexras1이 외인성 쿠싱증후군과 가장 유사한 표현형을 

보이는 마우스인 코르티코트로핀 방출 호르몬 형질 전환 마우스 (CRH 

Tg)에서 대사와 관련된 부작용을 매개한다는 사실을 증명하였다. 

정상마우스에 비해 CRH Tg 마우스의 지방 조직, 근육조직에서는 

Dexras1의 유전자 발현이 증가하였다. 또한 CRH Tg 마우스는 중심성 

비만 및 근육량 감소와 같은 표현형을 보이는 반면 Crh Tg-Dexras1 KO 
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마우스 (CRH Tg-DexKO 마우스)는 근육량이 증가되었으며 동시에 

중심성 비만은 개선되었음을 확인하였다.  CRH Tg-DexKO 마우스는 

CRH Tg 마우스에 비해 인슐린 및 중성지방수치가 낮았으면 포도당 

감수성이 크게 개선되었다. CRH Tg-DexKO 마우스는 갈색 지방 조직이 

아닌 흰색 지방 조직에서 유의미하게 지방산을 이용한 에너지 소모량이 

증가하였으며 지방세포 특이적인 IGF1의 유전자 발현이 감소하여 있음을 

확인하였다. 또한 IGF1R 선택적 억제제 (Listinib)를 처리하였을 때 CRH 

Tg 마우스에서 지방량이 감소하고 인슐린 감수성이 개선되는 것을 

확인하였다.  이를 통해 나는 Dexras1이 당질 코르티코이드와 

신진대사과정을 매개하는 중요한 쿠싱 증후군 대사 부작용 관련 

단백질임을 검증하였다.  
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