
MINI REVIEW
published: 29 January 2020

doi: 10.3389/fendo.2020.00021

Frontiers in Endocrinology | www.frontiersin.org 1 January 2020 | Volume 11 | Article 21

Edited by:

Marco Losa,

Vita-Salute San Raffaele

University, Italy

Reviewed by:

Manuel Dos Santos Faria,

Federal University of Maranhão, Brazil

Leila Warszawski,

Instituto Estadual de Diabetes e

Endocrinologia Luiz Capriglione, Brazil

*Correspondence:

Denis Ciato

den.ciato@gmail.com

Specialty section:

This article was submitted to

Pituitary Endocrinology,

a section of the journal

Frontiers in Endocrinology

Received: 15 October 2019

Accepted: 13 January 2020

Published: 29 January 2020

Citation:

Ciato D and Albani A (2020) Molecular

Mechanisms of Glucocorticoid

Resistance in Corticotropinomas: New

Developments and Drug Targets.

Front. Endocrinol. 11:21.

doi: 10.3389/fendo.2020.00021

Molecular Mechanisms of
Glucocorticoid Resistance in
Corticotropinomas: New
Developments and Drug Targets
Denis Ciato* and Adriana Albani

Medizinische Klinik und Poliklinik IV, Klinikum der Universität, Ludwig-Maximilians-Universität München, Munich, Germany

Cushing’s disease is characterized by excessive adrenocorticotropin hormone (ACTH)

secretion caused by a corticotroph tumor of the pituitary gland, leading to

hypercortisolism and increased morbidity and mortality. The molecular causes of

the disease are not completely understood, therefore more research is needed

to discover novel molecular targets and more effective treatments. To date, the

SSTR-analog pasireotide is the only approved drug for Cushing’s Disease treatment

that is directly targeting the source of the disease. Targeting directly the activity of

glucocorticoid receptor or the factors modulating it might be a new valid option for

the medical management of Cushing’s disease. Here, we briefly review the molecular

mechanisms involved in the glucocorticoid negative feedback and glucocorticoid

resistance and examine novel targets and therapies that might effectively restore

glucocorticoid sensitivity.
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INTRODUCTION

Cushing’s disease is a rare endocrine disease resulting from chronic exposure to high cortisol
levels as consequence of a pituitary corticotroph tumor that hypersecretes adrenocorticotroph
hormone (ACTH). It represents around 80% of all cases of endogenous hypercortisolism (1–3).
The management of Cushing’s disease relies on the surgical removal of the pituitary tumor with
a success rate varying between 79% in pituitary microadenomas and 40% in macroadenomas (4).
When the surgery is not feasible or when the disease persists after the surgical intervention the
only pituitary-directed drug approved for the treatment of Cushing’s disease is the somatostatin
analog pasireotide, able to achieve a partial or total disease control in overall 30–40% of
patients (5–7). Corticotroph tumors have a monoclonal origin, suggesting that single somatic
mutations might be the etiologic mechanism of the disease (8–10). A significant step forward
in understanding the pathogenesis of Cushing’s disease has been made with the identification
of recurrent somatic mutations in the Ubiquitin-specific-protease 8 gene (USP8) in around half
of corticotroph tumors (11–14). The current knowledge suggest that USP8-mutations result in
hyperactivation of the Epidermal growth factor receptor (EGFR) signaling due to increased EGFR
deubiquitination with subsequent higher Proopiomelanocortin (POMC) promoter activity and
increased ACTH secretion. To date, this molecular mechanism does not seem to have an impact on
the glucocorticoid resistance itself. Therefore, we are still far from fully discovering the molecular
mechanisms leading to the development of partial glucocorticoid resistance, which might be
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(although being not the only potential pathogenic mechanisms
of Cushing’s disease) the key target for confirmation of effective
therapy. In fact, the partial lack of response to the glucocorticoid
negative feedback is used in clinical practice, through the
administration of dexamethasone, for the initial diagnosis of
Cushing’s disease (low dose dexamethasone suppression test,
LLDST) and to differentiate between Cushing’s disease and
ectopic source of ACTH secretion (high-dose HDDST).Whereas,
in physiological conditions the administration of low-dose
dexamethasone results in suppression of ACTH and cortisol
secretion, in patients with Cushing’s syndrome it fails to suppress
cortisol levels, regardless of the origin of hypercortisolism.
Once the diagnosis of Cushing’s syndrome is made, the HDSST
can be used to distinguish between Cushing’s disease and
ectopic source of ACTH secretion, based on the evidence that
cortisol secretion in corticotroph tumors (and not in ectopic
tumors) can undergo partial or complete suppression after
high-dose dexamethasone (15–19). Considering the importance
of glucocorticoid resistance in corticotroph tumors, a better
understanding of the underlying molecular mechanisms could
lead to the development of new pituitary target therapies with
the aim to restore glucocorticoid sensitivity. In this review,
after a short overview of the glucocorticoid negative feedback
mechanism, we describe the most recent molecular discoveries
in this field.

THE GLUCOCORTICOID NEGATIVE
FEEDBACK

The hypothalamic-pituitary-adrenal (HPA) axis is a typical
example of endocrine feedback system. The hypothalamus,
through the secretion of corticotrophin-releasing hormone
(CRH) and to a lesser extent vasopressin, triggers in pituitary
corticotroph cells the transcription of POMC gene, which leads
to the production of the precursor peptide of ACTH (20). In
turn, ACTH stimulates the steroidogenesis in adrenocortical
cells by binding the melanocortin 2 receptor (MC2R) (21),
whereas cortisol and other glucocorticoids exert a negative
feedback at hypothalamic and pituitary level, allowing therefore
to keep a balance between cortisol requirement and cortisol
secretion (22, 23) (Figure 1). Furthermore, cortisol synthesis
might be also regulated by itself in an auto-feedback loop within
the adrenal gland (24, 25). The physiological glucocorticoid
negative feedback on the HPA axis is exerted upon binding
to the glucocorticoid receptor (GR), encoded by NR3C1 gene.
The GR belongs to the nuclear receptors family and regulates
gene transcription after ligand binding (26). In the absence of
ligands, GR is localized in the cytoplasm in a complex with
the chaperone heat shock protein 90 (HSP90), other heat shock
proteins, and co-chaperones. After binding of the steroidal
ligand, GR undergoes a conformational change that promotes its
translocation to the nucleus, where it binds to positive or negative
glucocorticoid-responsive elements (GRE/nGRE, respectively) to
regulate gene transcription.

The transcription of the POMC is positively regulated by
the activation corticotrophin releasing hormone (CRH) from

FIGURE 1 | Schematic mechanism of physiologic negative glucocorticoid

feedback exerted by cortisol on the pituitary gland and the hypothalamus (blue

arrows). A source of stress activates the release of corticotrophin-releasing

hormone (CRH) and vasopressin (AVP) from the paraventricular nucleus of the

hypothalamus, which in turn stimulate the release of adrenocorticotrophic

hormone (ACTH) from the anterior pituitary lobe. ACTH activates synthesis and

secretion of cortisol from the adrenal glands, which in turn negatively

modulates the release of ACTH from the pituitary gland and of CRH and AVP

from the hypothalamus. In presence of Cushing’s disease (red arrows), the

pituitary gland is only partially sensitive to the inhibitory feedback exerted by

cortisol, which in turn is not regulating its own production and secretion,

resulting in excessive ACTH and cortisol levels. This figure was modified from

Servier Medical Art, licensed under a Creative Common Attribution 3.0 Generic

License: http://smart.servier.com/.

the hypothalamus, which is balanced by feedback repression
in physiological conditions by glucocorticoids (27). In this
particular case, three molecules of GR do not bind the nGRE
element directly, but through a transrepression mechanism to
antagonize the activity of the orphan nuclear receptors Nur77
and Nurr1 (28, 29). Later on, Brahma-related Gene 1 (Brg1, an
ATPase subunit of the SWI/SNF complex that is constitutively
present on POMC promoter) andHistone deacetylase 2 (HDAC2,
which recruitment on POMC promoter is ligand dependent)
were discovered to be essential for the GR transrepression
complex to repress POMC transcription by blockade of RNA
Polymerase II release from the promoter (30).

GLUCOCORTICOID RESISTANCE

Corticotroph tumors present typically with a compromised
response to the glucocorticoid negative feedback which defines
a partial glucocorticoid resistance (15) (Figure 1). In fact,
whereas the treatment with cortisol led to decreased ACTH
levels in human corticotroph tumors in primary cell culture,
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suggesting the maintenance of a response to the negative
glucocorticoid feedback (31), the treatment with dexamethasone
led to a lower inhibition of POMC transcription and ACTH
secretion in corticotroph tumor cells compared with non-
tumor pituitary cells, indicating glucocorticoid resistance (32).
Multiple factors can influence the response and development of
glucocorticoid resistance. These include GR availability, splice
variant expression and affinity, and imbalanced GR signaling
(33–35). Somatic mutations in the NR3C1 gene have been
only rarely reported in corticotroph tumors (17, 36). The
genetic screening of 18 corticotroph tumors identified only
two polymorphisms of the NR3C1 gene, not correlated with
tumor size or clinical presentation, and no NR3C1 mutation
(37). In another study the whole exome sequencing of 20
corticotroph tumors revealed two truncating NR3C1 mutations
(38). Similarily GR does not seem to be downregulated in
corticotroph tumors (39, 40).

Loss of heterozygosity (LOH) at the GR gene locus might be a
more frequent and plausible explanation of the relative resistance
to the inhibitory feedback of cortisol in corticotroph tumors
(17). The potential involvement of other mechanisms, such as
the ones controlling the transcriptional GR activity has been
postulated (18, 29). The two regulators of chromatin remodeling
part of GR transrepression complex, Brg1 HDAC2, have been
found to be downregulated in corticotroph tumors and this could
contribute to glucocorticoid resistance compromising the ability
of glucocorticoids to repress POMC transcription (30, 41, 42). At
the pre-receptor level, the deregulation of cortisol metabolism
could also play a role in the glucocorticoid resistance. High
levels of 11-β-hydroxysteroid dehydrogenase 2 (11β-HSD2),
converting cortisol to the inactive cortisone, are reported in
corticotroph tumors but not in normal corticotroph cells (40, 43).

TARGETING GLUCOCORTICOID
RESISTANCE IN CUSHING’S DISEASE

Heat Shock Protein 90
HSP90 is a ubiquitous molecular chaperone that modulates the
maturation of more than 200 client proteins, many of which
playing a role in cell signaling, response to stress, or modulating
cancer and disease progression (44, 45). This task is accomplished
with other co-chaperones and proteins that altogether form a
complex named the HSP90 chaperone complex, which includes
HSP70, HSP40, HSF1, p23, Hip, Hop, FKBP51, and FKBP52 (44).
GR is one of HSP90 clients and their interaction is essential for
GR ligand binding and activation (46). The affinity of GR to

ligands depends crucially on its proper folding. The default, low
affinity state of GR has a closed steroid-binding pocket. Only after
a radical conformational change, brought about by the chaperone
HSP90, the binding pocket opens, allowing mature GR to bind
steroids with high affinity. As long as GR remains bound to the
HSP90 chaperone complex, the receptor can cycle from a low
affinity, partially unfolded state, to a high affinity, fully mature
conformation, and then back to its unfolded state (44, 46).

HSP90 has been reported to be overexpressed in several
types of cancer in comparison to the normal tissue counterpart,
due to increased intracellular stress secondary to hypoxia
and acidosis during tumor development (47). In corticotroph
tumors HSP90 is overexpressed compared with non-functioning
pituitary tumors and normal anterior pituitary (48). In this
context, GR would be retained at a higher degree in the
cytoplasm by the HSP90 chaperone complex, leading to partial
glucocorticoid resistance (48).

Due to the progress in clinical evaluation of targeting HSP90
in cancer, several types of inhibitors are available, which are
inhibiting the activity of the N-terminal or the C-terminal
portion of the protein (49), both domains that are fundamental
for the maturation process of GR before release form the
chaperone complex (48). Treatment of corticotroph tumors with
silibinin, a C-terminal inhibitor of HSP90, led to enhanced GR
transcriptional activity and decreased ACTH production in AtT-
20 cells and primary cultures from human corticotroph tumors,
and ameliorated Cushing’s disease symptoms in an allograft
mouse model, with partial restore of glucocorticoid sensitivity.
These effects were explained by the trigger of GR release from
the HSP90 complex in a fully mature state, and the consequential
increased activated GR transcriptional activity in the nucleus
to repress POMC transcription (48). Its favorable safety profile
(classically used for the treatment of toxic liver damage) (50)
and its potential chemotherapeutic action (51) suggest silibinin
as promising effective drug for the management of Cushing’s
disease (Table 1). Clinical studies with an improved formulation
of silibinin for better delivery into the circulation are now being
planned (52).

Testicular Orphan Nuclear Receptor 4
The testicular receptor 4 (TR4 nuclear receptor subfamily 2
group C member 2, also known as NR2C2) belongs to the
nuclear receptor superfamily and regulates gene transcription
in multiple cellular processes including spermatogenesis,
lipoprotein regulation, and central nervous system development
(53). Analysis from paraffin-embedded tissues showed that
TR4 was found to be overexpressed in human corticotroph

TABLE 1 | Schematic representation of the characteristics of the most recently developed options to restore of glucocorticoid sensitivity on Cushing’s Disease.

Target Role at molecular

level

Status in Cushing’s

disease vs. normal

Tested

compound

Molecular mechanism Therapeutical effects

HSP90 Molecular chaperone Overexpressed Silibnin Inhibition of C terminal domain of the protein

causing increased release of mature GR

Inhibition of POMC transcription

and ACTH secretion

TR4 Transcriptional factor Overexpressed MEK-162 Inhibition of MEK phosphorilating activity Inhibition of POMC transcription

an ACTH secretion
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tumors with marked localization into the nucleus (54).
TR4 overexpression in vitro resulted in increased cellular
proliferation, tumor invasiveness, POMC transcription and
ACTH secretion (54). A direct binding site for TR4 has been
identified in the POMC promoter supporting a direct role of TR4
in the regulation of POMC transcription (54). These findings
were additionally confirmed in vivo by inoculating in nude mice
TR4 overexpressing or T4-silencing stable clones from AtT20
cells (54).

Furthermore, co-immunoprecipitation analysis showed that
TR4 interacts directly with GR, upon binding its N-terminal
domain, and therefore impairing the GR binding with the
POMC promoter (55). Since TR4 effect on POMC promoter
was enhanced through its phosphorylation by the mitogen-
activated protein kinase/extracellular signal-regulated kinase
(MAPK/ERK) pathway (55), the role of the treatment in vitro
and in vivo of human and murine corticotroph tumor AtT20
cells with aMEK inhibitor (MEK-162) has been studied, resulting
in inhibition of POMC transcription, ACTH secretion and cell
proliferation (56). TR4 knockdown and TR4 overexpression
resulted, respectively in a blunted and enhanced inhibitory
effect of MEK-162. Chromatin immunoprecipitation analysis
showed reduction of TR4 expression and TR4 binding to POMC
promoter after MEK-162 (56). All these findings suggest TR4 as a
potential therapeutic target to restore the negative glucocorticoid
feedback. Having shown acceptable safety profile in previous
clinical trials, MEK-162 is another potential good candidate for

Cushing’s Disease therapy (Table 1). However, it is important
to consider that no direct inhibitor of TR4 is available yet, and
generally targeting theMEK pathway would influence the activity
of multiple factors and not be limited to TR4, therefore potential
side effects should be carefully monitored in further studies.

CONCLUSIONS

Some progresses have beenmade in understanding the molecular
mechanism leading to partial glucocorticoid resistance in
Cushing’s disease, with the discovery of the interaction between
glucocorticoid receptors and transcriptional regulators such as
TR4 and HSP90. Molecules involved in TR4 signaling pathway
and inhibitors of HSP90 are potential promising new drugs for
the treatment of Cushing’s disease.

AUTHOR CONTRIBUTIONS

DC structured the first draft of the manuscript and contributed
to the molecular aspects of the disease pathogenesis. AA
implemented it and contributed to the state of the art of the topic.
Both authors agreed to the final version of the manuscript.

FUNDING

This work was supported by a grant to AA from the Munich
Excellence Training Initiative for Physician Scientists (Metiphys).

REFERENCES

1. Newell-Price J, Bertagna X, Grossman AB, Nieman LK. Cushing’s syndrome.

Lancet. (2006) 367:1605–17. doi: 10.1016/S0140-6736(06)68699-6

2. Steffensen C, Bak AM, Rubeck KZ, Jorgensen JO. Epidemiology of Cushing’s

syndrome. Neuroendocrinology. (2010) 92(Suppl. 1):1–5. doi: 10.1159/0003

14297

3. Lacroix A, Feelders RA, Stratakis CA, Nieman LK. Cushing’s syndrome.

Lancet. (2015) 386:913–27. doi: 10.1016/S0140-6736(14)61375-1

4. Theodoropoulou M, Reincke M. Tumor-directed therapeutic

targets in cushing disease. J Clin Endocrinol Metab. (2019)

104:925–33. doi: 10.1210/jc.2018-02080

5. Boscaro M, LudlamWH, Atkinson B, Glusman JE, Petersenn S, Reincke M, et

al. Treatment of pituitary-dependent Cushing’s disease with the multireceptor

ligand somatostatin analog pasireotide (SOM230): amulticenter, phase II trial.

J Clin Endocrinol Metab. (2009) 94:115–22. doi: 10.1210/jc.2008-1008

6. Colao A, Petersenn S, Newell-Price J, Findling JW, Gu F, Maldonado M, et al.

A 12-month phase 3 study of pasireotide in Cushing’s disease. N Engl J Med.

(2012) 366:914–24. doi: 10.1056/NEJMoa1105743

7. Ciato D, Mumbach AG, Paez-Pereda M, Stalla GK. Currently used and

investigational drugs for Cushing s disease. Expert Opin Investig Drugs. (2017)

26:75–84. doi: 10.1080/13543784.2017.1266338

8. Herman V, Fagin J, Gonsky R, Kovacs K, Melmed S. Clonal

origin of pituitary adenomas. J Clin Endocrinol Metab. (1990)

71:1427–33. doi: 10.1210/jcem-71-6-1427

9. Biller BM, Alexander JM, Zervas NT, Hedley-Whyte ET, Arnold A,

Klibanski A. Clonal origins of adrenocorticotropin-secreting pituitary

tissue in Cushing’s disease. J Clin Endocrinol Metab. (1992) 75:1303–

9. doi: 10.1210/jcem.75.5.1358909

10. Gicquel C, Le Bouc Y, Luton JP, Girard F, Bertagna X. Monoclonality of

corticotroph macroadenomas in Cushing’s disease. J Clin Endocrinol Metab.

(1992) 75:472–5. doi: 10.1210/jcem.75.2.1322426

11. Ma ZY, Song ZJ, Chen JH, Wang YF, Li SQ, Zhou LF, et al. Recurrent gain-

of-function USP8 mutations in Cushing’s disease. Cell Res. (2015) 25:306–

17. doi: 10.1038/cr.2015.20

12. Perez-Rivas LG, Theodoropoulou M, Ferrau F, Nusser C, Kawaguchi K,

Stratakis CA, et al. The gene of the ubiquitin-specific protease 8 is frequently

mutated in adenomas causing Cushing’s disease. J Clin Endocrinol Metab.

(2015) 100:E997–1004. doi: 10.1210/jc.2015-1453

13. ReinckeM, Sbiera S, HayakawaA, TheodoropoulouM,Osswald A, Beuschlein

F, et al. Mutations in the deubiquitinase gene USP8 cause Cushing’s disease.

Nat Genet. (2015) 47:31–8. doi: 10.1038/ng.3166

14. Albani A, Theodoropoulou M, Reincke M. Genetics of Cushing’s disease. Clin

Endocrinol. (2018) 88:3–12. doi: 10.1111/cen.13457

15. Nieman LK, Biller BM, Findling JW, Newell-Price J, Savage MO, Stewart

PM, et al. The diagnosis of Cushing’s syndrome: an Endocrine Society

Clinical Practice Guideline. J Clin Endocrinol Metab. (2008) 93:1526–

40. doi: 10.1210/jc.2008-0125

16. Liddle GW. Tests of pituitary-adrenal suppressibility in the

diagnosis of Cushing’s syndrome. J Clin Endocrinol Metab. (1960)

20:1539–60. doi: 10.1210/jcem-20-12-1539

17. Lamberts SW. Glucocorticoid receptors and Cushing’s disease. Mol

Cell Endocrinol. (2002) 197:69–72. doi: 10.1016/S0303-7207(02)

00280-0

18. Drouin J. 60 YEARS OF POMC: transcriptional and epigenetic

regulation of POMC gene expression. J Mol Endocrinol. (2016)

56:T99–112. doi: 10.1530/JME-15-0289

19. Nungent CA, Nichols T, Tyler FH. Diagnosis of Cushing’s syndrome: single

dose dexamethasone suppression test. Arch Intern Med. (1965) 116:172–

6. doi: 10.1001/archinte.1965.03870020012006

20. Vale W, Spiess J, Rivier C, Rivier J. Characterization of a 41-residue

ovine hypothalamic peptide that stimulates secretion of corticotropin

and beta-endorphin. Science. (1981) 213:1394–7. doi: 10.1126/science.

6267699

Frontiers in Endocrinology | www.frontiersin.org 4 January 2020 | Volume 11 | Article 21

https://doi.org/10.1016/S0140-6736(06)68699-6
https://doi.org/10.1159/000314297
https://doi.org/10.1016/S0140-6736(14)61375-1
https://doi.org/10.1210/jc.2018-02080
https://doi.org/10.1210/jc.2008-1008
https://doi.org/10.1056/NEJMoa1105743
https://doi.org/10.1080/13543784.2017.1266338
https://doi.org/10.1210/jcem-71-6-1427
https://doi.org/10.1210/jcem.75.5.1358909
https://doi.org/10.1210/jcem.75.2.1322426
https://doi.org/10.1038/cr.2015.20
https://doi.org/10.1210/jc.2015-1453
https://doi.org/10.1038/ng.3166
https://doi.org/10.1111/cen.13457
https://doi.org/10.1210/jc.2008-0125
https://doi.org/10.1210/jcem-20-12-1539
https://doi.org/10.1016/S0303-7207(02)00280-0
https://doi.org/10.1530/JME-15-0289
https://doi.org/10.1001/archinte.1965.03870020012006
https://doi.org/10.1126/science.6267699
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Ciato and Albani Targeting Glucocorticoid Resistance in Corticotropinomas

21. Mountjoy KG, Robbins LS, Mortrud MT, Cone RD. The cloning of a family

of genes that encode the melanocortin receptors. Science. (1992) 257:1248–

51. doi: 10.1126/science.1325670

22. Keller-WoodME, DallmanMF. Corticosteroid inhibition of ACTH secretion.

Endocr Rev. (1984) 5:1–24. doi: 10.1210/edrv-5-1-1

23. Drouin J, Sun YL, Nemer M. Glucocorticoid repression of pro-

opiomelanocortin gene transcription. J Steroid Biochem. (1989)

34:63–9. doi: 10.1016/0022-4731(89)90066-6

24. Briassoulis G, Damjanovic S, Xekouki P, Lefebvre H, Stratakis CA. The

glucocorticoid receptor and its expression in the anterior pituitary and the

adrenal cortex: a source of variation in hypothalamic-pituitary-adrenal axis

function; implications for pituitary and adrenal tumors. Endocr Pract. (2011)

17:941–8. doi: 10.4158/EP11061.RA

25. Spiga F, Zavala E, Walker JJ, Zhao Z, Terry JR, Lightman SL. Dynamic

responses of the adrenal steroidogenic regulatory network. Proc Natl Acad Sci

USA. (2017) 114:E6466–74. doi: 10.1073/pnas.1703779114

26. Hudson WH, Youn C, Ortlund EA. The structural basis of direct

glucocorticoid-mediated transrepression. Nat Struct Mol Biol. (2013) 20:53–

8. doi: 10.1038/nsmb.2456

27. Gagner JP, Drouin J. Opposite regulation of pro-opiomelanocortin gene

transcription by glucocorticoids and CRH.Mol Cell Endocrinol. (1985) 40:25–

32. doi: 10.1016/0303-7207(85)90154-6

28. Murphy EP, Conneely OM. Neuroendocrine regulation of the hypothalamic

pituitary adrenal axis by the nurr1/nur77 subfamily of nuclear receptors.Mol

Endocrinol. (1997) 11:39–47. doi: 10.1210/mend.11.1.9874

29. Philips A, Maira M, Mullick A, Chamberland M, Lesage S, Hugo P, et

al. Antagonism between Nur77 and glucocorticoid receptor for control of

transcription.Mol Cell Biol. (1997) 17:5952–9. doi: 10.1128/MCB.17.10.5952

30. Bilodeau S, Vallette-Kasic S, Gauthier Y, Figarella-Branger D, Brue T, Berthelet

F, et al. Role of Brg1 and HDAC2 in GR trans-repression of the pituitary

POMC gene and misexpression in Cushing disease. Genes Dev. (2006)

20:2871–86. doi: 10.1101/gad.1444606

31. Grino M, Guillaume V, Boudouresque F, Margioris AN, Grisoli F, Jaquet

P, et al. Characterization of corticotropin-releasing hormone receptors

on human pituitary corticotroph adenomas and their correlation with

endogenous glucocorticoids. J Clin Endocrinol Metab. (1988) 67:279–

83. doi: 10.1210/jcem-67-2-279

32. Suda T, Tozawa F, Yamada M, Ushiyama T, Tomori N, Sumitomo T,

et al. Effects of corticotropin-releasing hormone and dexamethasone on

proopiomelanocortin messenger RNA level in human corticotroph adenoma

cells in vitro. J Clin Invest. (1988) 82:110–4. doi: 10.1172/JCI113557

33. Bamberger CM, Schulte HM, Chrousos GP. Molecular determinants of

glucocorticoid receptor function and tissue sensitivity to glucocorticoids.

Endocr Rev. (1996) 17:245–61. doi: 10.1210/edrv-17-3-245

34. Gross KL, Lu NZ, Cidlowski JA. Molecular mechanisms regulating

glucocorticoid sensitivity and resistance. Mol Cell Endocrinol. (2009) 300:7–

16. doi: 10.1016/j.mce.2008.10.001

35. Quax RA, Manenschijn L, Koper JW, Hazes JM, Lamberts SW, van Rossum

EF, et al. Glucocorticoid sensitivity in health and disease. Nat Rev Endocrinol.

(2013) 9:670–86. doi: 10.1038/nrendo.2013.183

36. Karl M, Lamberts SW, Koper JW, Katz DA, Huizenga NE, Kino T, et

al. Cushing’s disease preceded by generalized glucocorticoid resistance:

clinical consequences of a novel, dominant-negative glucocorticoid receptor

mutation. Proc Assoc Am Physicians. (1996) 108:296–307.

37. Antonini SR, Latronico AC, Elias LL, Cukiert A, Machado HR,

Liberman B, et al. Glucocorticoid receptor gene polymorphisms

in ACTH-secreting pituitary tumours. Clin Endocrinol. (2002)

57:657–62. doi: 10.1046/j.1365-2265.2002.01639.x

38. Song ZJ, Reitman ZJ, Ma ZY, Chen JH, Zhang QL, Shou XF, et al. The

genome-wide mutational landscape of pituitary adenomas. Cell Res. (2016)

26:1255–9. doi: 10.1038/cr.2016.114

39. Dahia PL, Honegger J, Reincke M, Jacobs RA, Mirtella A, Fahlbusch

R, et al. Expression of glucocorticoid receptor gene isoforms in

corticotropin-secreting tumors. J Clin Endocrinol Metab. (1997)

82:1088–93. doi: 10.1210/jc.82.4.1088

40. Tateno T, Izumiyama H, Doi M, Yoshimoto T, Shichiri M,

Inoshita N, et al. Differential gene expression in ACTH -secreting

and non-functioning pituitary tumors. Eur J Endocrinol. (2007)

157:717–24. doi: 10.1530/EJE-07-0428

41. Evang JA, Borota OC, Melum E, Holm R, Ramm-Pettersen J, Bollerslev J,

et al. HDAC2 expression and variable number of repeats in exon 1 of the

HDAC2 gene in corticotroph adenomas. Clin Endocrinol. (2010) 73:229–

35. doi: 10.1111/j.1365-2265.2010.03805.x

42. Roussel-Gervais A, Bilodeau S, Vallette S, Berthelet F, Lacroix

A, Figarella-Branger D, et al. Cooperation between cyclin E and

p27(Kip1) in pituitary tumorigenesis. Mol Endocrinol. (2010)

24:1835–45. doi: 10.1210/me.2010-0091

43. Korbonits M, Bujalska I, Shimojo M, Nobes J, Jordan S, Grossman AB,

et al. Expression of 11 beta-hydroxysteroid dehydrogenase isoenzymes in

the human pituitary: induction of the type 2 enzyme in corticotropinomas

and other pituitary tumors. J Clin Endocrinol Metab. (2001) 86:2728–

33. doi: 10.1210/jcem.86.6.7563

44. Wandinger SK, Richter K, Buchner J. The Hsp90 chaperone machinery. J Biol

Chem. (2008) 283:18473–7. doi: 10.1074/jbc.R800007200

45. Taipale M, Jarosz DF, Lindquist S. HSP90 at the hub of protein homeostasis:

emerging mechanistic insights. Nat Rev Mol Cell Biol. (2010) 11:515–

28. doi: 10.1038/nrm2918

46. Picard D, Khursheed B, Garabedian MJ, Fortin MG, Lindquist S, Yamamoto

KR. Reduced levels of hsp90 compromise steroid receptor action in vivo.

Nature. (1990) 348:166–8. doi: 10.1038/348166a0

47. Whitesell L, Lindquist SL. HSP90 and the chaperoning of cancer. Nat Rev

Cancer. (2005) 5:761–72. doi: 10.1038/nrc1716

48. Riebold M, Kozany C, Freiburger L, Sattler M, Buchfelder M, Hausch F,

et al. A C-terminal HSP90 inhibitor restores glucocorticoid sensitivity and

relieves a mouse allograft model of Cushing disease. Nat Med. (2015) 21:276–

80. doi: 10.1038/nm.3776

49. Trepel J, Mollapour M, Giaccone G, Neckers L. Targeting the dynamic

HSP90 complex in cancer. Nat Rev Cancer. (2010) 10:537–49. doi: 10.1038/

nrc2887

50. Saller R, Meier R, Brignoli R. The use of silymarin in the treatment of liver

diseases. Drugs. (2001) 61:2035–63. doi: 10.2165/00003495-200161140-00003

51. Vue B, Zhang S, Zhang X, Parisis K, Zhang Q, Zheng S, et

al. Silibinin derivatives as anti-prostate cancer agents: synthesis

and cell-based evaluations. Eur J Med Chem. (2016) 109:36–

46. doi: 10.1016/j.ejmech.2015.12.041

52. Stalla, G., Dimopoulou, C., Jung-Sievers, C., Arzt, E., Paez Pereda, M.,

Theodoropoulou, M., et al. Geoffrey Harris Award 2019: translational

research in pituitary tumors. Eur J Endocrinol. (2019) 182:EJE-19–

0677.R1. doi: 10.1530/EJE-19-0677

53. Lin SJ, Zhang Y, Liu NC, Yang DR, Li G, Chang C. Minireview:

pathophysiological roles of the TR4 nuclear receptor: lessons

learned from mice lacking TR4. Mol Endocrinol. (2014) 28:805–

21. doi: 10.1210/me.2013-1422

54. Du L, Bergsneider M, Mirsadraei L, Young SH, Jonker JW, Downes M, et

al. Evidence for orphan nuclear receptor TR4 in the etiology of Cushing

disease. Proc Natl Acad Sci USA. (2013) 110:8555–60. doi: 10.1073/pnas.13061

82110

55. Zhang D, Du L, Heaney AP. Testicular receptor-4: novel regulator

of glucocorticoid resistance. J Clin Endocrinol Metab. (2016) 101:3123–

33. doi: 10.1210/jc.2016-1379

56. Zhang D, Bergsneider M, Wang MB, Heaney AP. Targeting the ERK

pathway for the treatment of Cushing’s disease. Oncotarget. (2016) 7:69149–

58. doi: 10.18632/oncotarget.12381

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Ciato and Albani. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org 5 January 2020 | Volume 11 | Article 21

https://doi.org/10.1126/science.1325670
https://doi.org/10.1210/edrv-5-1-1
https://doi.org/10.1016/0022-4731(89)90066-6
https://doi.org/10.4158/EP11061.RA
https://doi.org/10.1073/pnas.1703779114
https://doi.org/10.1038/nsmb.2456
https://doi.org/10.1016/0303-7207(85)90154-6
https://doi.org/10.1210/mend.11.1.9874
https://doi.org/10.1128/MCB.17.10.5952
https://doi.org/10.1101/gad.1444606
https://doi.org/10.1210/jcem-67-2-279
https://doi.org/10.1172/JCI113557
https://doi.org/10.1210/edrv-17-3-245
https://doi.org/10.1016/j.mce.2008.10.001
https://doi.org/10.1038/nrendo.2013.183
https://doi.org/10.1046/j.1365-2265.2002.01639.x
https://doi.org/10.1038/cr.2016.114
https://doi.org/10.1210/jc.82.4.1088
https://doi.org/10.1530/EJE-07-0428
https://doi.org/10.1111/j.1365-2265.2010.03805.x
https://doi.org/10.1210/me.2010-0091
https://doi.org/10.1210/jcem.86.6.7563
https://doi.org/10.1074/jbc.R800007200
https://doi.org/10.1038/nrm2918
https://doi.org/10.1038/348166a0
https://doi.org/10.1038/nrc1716
https://doi.org/10.1038/nm.3776
https://doi.org/10.1038/nrc2887
https://doi.org/10.2165/00003495-200161140-00003
https://doi.org/10.1016/j.ejmech.2015.12.041
https://doi.org/10.1530/EJE-19-0677
https://doi.org/10.1210/me.2013-1422
https://doi.org/10.1073/pnas.1306182110
https://doi.org/10.1210/jc.2016-1379
https://doi.org/10.18632/oncotarget.12381
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	Molecular Mechanisms of Glucocorticoid Resistance in Corticotropinomas: New Developments and Drug Targets
	Introduction
	The Glucocorticoid Negative Feedback
	Glucocorticoid Resistance
	Targeting Glucocorticoid Resistance In Cushing'S Disease
	Heat Shock Protein 90
	Testicular Orphan Nuclear Receptor 4

	Conclusions
	Author Contributions
	Funding
	References


