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Cushing’s disease (CD) is caused by a pituitary corticotroph neuroendocrine tumor inducing uncontrolled hypercortisolism. Transsphenoidal surgery is the first-line treatment in most cases. Nonetheless, some patients will not achieve cure even in expert hands, others may not be surgical candidates and a significant percentage will experience recurrence. Many patients will thus require medical therapy to achieve disease control. Pharmacologic options to treat CD have increased in recent years, with an explosion in knowledge related to pathophysiology at the molecular level. In this review, we focus on medications targeting specifically pituitary adrenocorticotropic hormone-secreting tumors. The only medication in this group approved for the treatment of CD is pasireotide, a somatostatin receptor ligand. Cabergoline and temozolomide may also be used in select cases. Previously studied and abandoned medical options are briefly discussed, and emphasis is made on upcoming medications. Mechanism of action and available data on efficacy and safety of cell cycle inhibitor roscovitine, epidermal growth factor receptor inhibitor gefitinib, retinoic acid, and silibinin, a heat shock protein 90 inhibitor are also presented.
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INTRODUCTION

Clinical hypercortisolism is associated with significant morbidity and mortality (1). The vast majority of cases of endogenous Cushing’s syndrome are caused by a pituitary corticotroph neuroendocrine tumor; Cushing’s disease (CD). Surgery is the mainstay of therapy in most cases (2). However, 20–40% of patients, depending on tumor size and surgeon expertise, will not be cured by transsphenoidal surgery, and for patients in remission, 20–35% will relapse within 10 years (3–5). Options include medical treatment, which has a significantly increased role over the last several years, repeat surgery, radiation, and bilateral adrenalectomy. From an initial disease description by Cushing (6), advances in understanding corticotroph adenoma pathology have hugely increased, more so in the last decade (7–9). Today, accumulated CD knowledge allows for development of precise molecular targeting for adrenocorticotropic hormone (ACTH) secretion and cell proliferation. Future advances may also contribute to development of medication for other pituitary neuroendocrine tumors for which few options exist, for example, silent corticotroph tumors (10). In this review, we will discuss the array of pituitary-directed medical therapies for CD, including approved medications and new medical therapies on the horizon.

HISTORICAL REVIEW OF PITUITARY TARGETED DRUGS

Largely abandoned over the years, it is important to review targets and/or pathways for some previous pituitary targeted drugs. Peroxisome proliferator-activated receptor gamma(γ) agonists, mostly utilized and abandoned as an antidiabetic therapy, have been attempted in treatment of Nelson syndrome and CD with controversial results (11–13). Peroxisome proliferator-activated receptor-γ nuclear receptors are highly expressed in ACTH adenomas; however, high doses were necessary to induce an antiproliferative effect and ACTH inhibition; and escape phenomenon was frequent (14, 15). Valproic acid inhibits gamma-aminobutyric acid (GABA) aminotransferase, increasing GABA, thus leading to an inhibitory effect on ACTH release, yet, placebo controlled studies failed to demonstrate efficacy (16). Cyproheptadine is an anti-serotonergic, histaminic and cholinergic agent. Since ACTH may be under serotoninergic control, cases reports of response were described (17, 18), but data consisted mostly of unsuccessful trials (15). Other serotonin antagonists have been also previously studied, however, with limited results (19). Finally, in murine and human pituitary tumors, doxazosin decreased tumor growth and ACTH levels (20), but no evidence actually support clinical use of alpha-1 adrenergic receptor antagonists in CD.

MEDICATIONS APPROVED FOR CD

Somatostatin Receptor Ligands (SRLs)—Pasireotide

Somatostatin (SST) is an inhibitory polypeptide hormone with ubiquitous receptors (SSTR) and pleiotropic actions (21). Corticotroph adenomas express mainly SSTR subtypes 5 and 2 (21, 22). Pituitary SSTR5 expression seems to be unaffected by high cortisol levels, whereas expression of SSTR2 is suppressed, but can upregulate with eucortisolemia (21, 23). The activated SSTR decrease cyclic adenosine monophosphate and increase potassium efflux, preventing ACTH release. In addition, SSTR are G-protein-coupled receptors and downstream effects of the SSTR2 and SSTR5 receptors encompass Ras–Raf mitogen-activated protein kinase (MAPK) and extracellular signal-regulated kinase 1/2 pathways, leading to cell growth arrest (23–25) (Figure 1).
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FIGURE 1 | Mechanism of action of pharmacologic therapies. Various mechanisms of action of medications acting at the corticotroph tumor are represented. Each agent involves a different cascade of action resulting in both inhibition of pro-opiomelanocortin (POMC) and adrenocorticotropic hormone (ACTH) synthesis and secretion, and tumoral cell proliferation. Pasireotide is a ligand for somatostatin receptor (SSTR) 1, 2, 3, and 5, activating a G-protein-coupled receptor. Signaling pathways include PTPase and downstream mitogen-activated protein kinase (MAPK) and extracellular signal-regulated kinase 1/2 (ERK 1/2) inhibiting tumorigenesis; and also closure of the potassium (K+) voltage channel and activation of the phospholipase C (PLC) and inositol triphosphate (IP3) pathway inducing calcium (Ca2+) influx that will decrease cyclic AMP (cAMP) formation and ACTH secretion. Cabergoline is a dopamine receptor (DR) agonist, binding to a G-protein-coupled receptor activating adenylate cyclase, MAPK and K+ efflux. Retinoic acid binds to its nuclear receptor [retinoic acid receptor (RAR)] to induce its inhibitory effect. Silibinin induces conformation changes at the glucocorticoid receptor (GR) level by inhibiting heat shock protein 90 (HSP90); net effect is an increase sensitivity to circulating corticosteroids restoring glucocorticoid negative feedback inhibition. Upon ligand binding, epidermal growth factor receptor (EGFR) induces tyrosine kinase activity with downstream MAPK, phosphatidylinositol-3-kinase (PI3K) and PLC signaling pathways. Ubiquitination of the internalized receptor targets the EGFR to be degraded in the lysosome. In ubiquitin-specific protease 8 (USP8)-mutated tumors, the USP8 mutation increases de-ubiquitination thus decreasing EGFR degradation. More EGFR are found at the membrane increasing its stimulatory effect, partly mediated by ERK 1/2 pathway. Gefitinib effectively blocks EGFR to decrease its activity.



Pasireotide is a SRL with 40 times the binding affinity to SSTR5 compared with octreotide; it also has high affinity for SSTR1, 2, and 3 (21, 23). Treatment with pasireotide has been shown to restore SSTR2 membrane density thus improving drug efficacy (26). Pasireotide is now approved for subcutaneous administration twice a day (27, 28) in many countries around the world; bioavailability is excellent and half-life with subcutaneous administration is approximately 12 h (29). Long-acting pasireotide LAR in CD (10 and 30 mg once a month administration) has also been studied in a large clinical trial (30).

BIOCHEMICAL CONTROL AND CLINICAL IMPROVEMENTS

A phase II trial suggested efficacy of pasireotide in CD (27), and a large phase III clinical trial by the Pasireotide B2305 Study Group followed (28). The phase III trial lasted 12 months and enrolled 162 patients, randomized to 600 or 900 μg subcutaneously, twice daily. A biochemical response [decrease in 24 h urinary free cortisol (UFC)] was robust and observed within the first month on therapy. At the end of the study, respectively, 13 and 25% of patients treated with 600 or 900 μg twice daily normalized their UFC (Figure 2). Of note, baselines UFCs were significantly higher in the 600 μg group (730 compared with 487 nmol/24 h in the 900 μg group), which may have attenuated results in the latter. An additional 16% in the 600 μg group decreased their UFCs by more than 50% at 12 months. In brief, at 6 and 12 months, approximately 30–40% of patients had partially or completely controlled disease (Figure 2). In the study, patients who did not respond within 2 months had a high likelihood of being non-responders. In addition, a less severe disease, e.g., lower baseline UFC, also predicted response. Morning ACTH, late-night salivary cortisol (LNSC) and serum cortisol concentrations also changed in parallel with a decrease in UFC. Significant improvement in multiple clinical parameters, including systolic and diastolic blood pressure, weight, waist circumference, lipid profile, depression, and quality of life were noted [Table 1a,b (28, 30)]. Interestingly, significant clinical improvement has been noted even in patients without UFC normalization (31). However, the study had a high discontinuation rate of more than 50% at 12 months, withdrawal being mostly in patients with an unsatisfactory therapeutic effect.
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FIGURE 2 | Normalized mean urine free cortisol (mUFC) in patients treated with short-acting pasireotide (600 or 900 μg twice daily) (28). (A) Cushing’s disease (CD) remission by treatment arm by month. Patients treated with twice-daily subcutaneous pasireotide obtained normalization of mUFC at months 3, 6, and 12. Patients’ dosages were up-titrated beginning at month 3. Patients who were on higher pasireotide doses regardless of treatment arm showed better response. Patients who had greater than five times the upper limit of normal (ULN) mUFC were more likely randomized to the 600 μg twice-daily treatment arm, possibly accounting for discrepancies between treatment arms’ responsiveness to pasireotide. Patients with uncontrolled hypercortisolism were more likely to stop the study. (B) CD remission at month 6 stratified by baseline urinary free cortisol (UFC). Stratification of patients by baseline mUFC predicted response to treatment with twice-daily subcutaneous pasireotide. The lower the patient’s baseline mUFC, the more likely they were to obtain normalized free UFC levels. As above, patients who had greater than five times the ULN mUFC were more likely randomized to the 600 μg twice-daily treatment arm.



TABLE 1 | Clinical improvement in Cushing’s disease (CD) patients treated with pasireotide.
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Similar results were obtained in the recently published pasireotide LAR study (30). UFC normalization was reached in 50% of patients with mild disease [UFC 1.5–2 times upper limit of normal (ULN)] and one-third of patients with UFCs 2–5 times normal. Based on previous results of possible lower efficacy, patients with UFC > 5 ULN were excluded from this study. Of note, those two studies used different UFC assays but each study used one assay consistently within its respective methodology. The 5-year follow-up study showed that short-acting pasireotide responders had continued improvement in clinical parameters at month 60 (32). The response to pasireotide treatment is thus usually long lasting (32, 33). However, loss of response was observed in few patients with ACTH-producing invasive macroadenomas, in some occurring after treatment interruption (34, 35). This may reflect fluctuations in underlying tumor secretion, or an escape phenomenon of unknown patho-physiology.

TUMOR SIZE

Of the patients who had measurable tumors as assessed by pituitary magnetic resonance imaging, treatment with subcutaneous pasireotide had demonstrable decrease in tumor volume at month 12 (mean decrease of 9% for 600 μg group compared with 44% in the 900 μg group) (28). In the pasireotide LAR trial, decreased tumor volume was also observed in the two groups (17.8 and 16.3% in the 10 and 30 mg group) (30). Effects on tumor size are likely due to interference with cell growth and cell cycle (25, 36). Another possible mechanism may be inhibition of vascular endothelial growth factor secretion, as demonstrated in non-functioning pituitary adenomas treated with pasireotide (37).

ADVERSE EVENTS

The most prominent adverse effect with pasireotide treatment is hyperglycemia. Both fasting and postprandial glucose concentrations were elevated in a dose-dependent manner in both phase II and III trials (27, 28). The mechanism in healthy volunteers seems to be a decrease in insulin and incretins (gastric inhibitory polypeptide and glucagon-like peptide-1) production rather than a change in insulin sensitivity per se (38). HOMA-β calculations and fasting insulin levels in a small study demonstrated insulin secretion decreased by nearly 50% after 12 months’ pasireotide usage in patients with CD (p = 0.015; p = 0.007, respectively). However, euglycemic hyperinsulinemic clamp evaluation did not demonstrate differences in insulin sensitivity before or after initiation of pasireotide (39). Glucagon levels were also decreased on therapy, but to a lesser extent (40). More than 70% of patients in both pasireotide twice daily and LAR studies (41), and nearly all patients followed for 5 years, had a hyperglycemia-related adverse event (32). Patients with preexisting diabetes generally needed at least one additional antidiabetic medication and glycemic control was readily obtained. Approximately 75% of patients with prediabetes progressed to diabetes. Nearly one-third of patients who had normal glucose tolerance developed prediabetes, and another 50–60% developed frank diabetes at one point in the study (27, 28). Fasting plasma glucose levels rose between 20 and 35 mg/dL after initiation of pasireotide and remained elevated at month 12 (31). HbA1c rose by 1–2% points by month 6 on pasireotide twice daily and persisted through month 60 (31, 32). This probably reflects the integration of glucose homeostasis changes by an improvement of glucose sensitivity with CD treatment and pasireotide-induced hyperglycemia.

Close observation and rapid management of hyperglycemia in patients with CD who have insulin resistance at baseline and develop hyperglycemia or diabetes after therapy initiation with pasireotide is essential. Furthermore, diabetic patients should have their control optimized before initiation of pasireotide. Non-diabetic patients should undergo self-monitoring of blood glucose at least twice a week in first week, then once weekly thereafter (41). Glucose-lowering agents of choice are metformin (effect probably via increase in GLP-1) and a dipeptidyl peptidase 4 inhibitor or GLP-1 agonist, due to the described mechanism above (41). Notably, hyperglycemia is reversible after stopping therapy (41) and patients need to be followed closely after stopping pasireotide and antidiabetic medications need to be adjusted to avoid hypoglycemia. Studies to detect optimal therapy for hyperglycemia associated with pasireotide in patients with CD are ongoing (42).1

Other common side effects, similar to other SRLs, included gastrointestinal (GI) discomfort, diarrhea, nausea, and vomiting. Thirty-five percent of study participants developed gallbladder or biliary related adverse effects, most commonly cholelithiasis, but a minority underwent cholecystectomy. Transaminases elevation was usually less than three times ULN (28, 30, 32).

Rare instances of QTc prolongation were also observed and clinicians should be aware to avoid potential drug interactions further increasing QT. This may also limit potential therapeutic drug-drug combinations in treating CD (e.g., combination with ketoconazole or mifepristone may lead to additive QT prolongation effects). However, in an animal model study, QTc prolongation in combination with osilodrostat was not observed (43).

MONITORING THERAPY

Monitoring of CD patients’ therapy is challenging. Petersenn et al. demonstrated that intra-individual UFC samples may have up to 50% variability, and that variability increased as absolute UFC values also increased (44). Moreover, no correlations exist between UFC and clinical features of hypercortisolism (44). LNSC follow-up seems to be the most accurate compared with UFC, serum cortisol and plasma ACTH in predicting postoperative recurrence in CD (19, 45, 46). In a sub-analysis of pasireotide (short-acting) phase III trial, LNSC and UFC concentrations were positively correlated to each other at baseline (r = 0.97). Pasireotide decreased LNSC levels during 12 months of treatment and it was a moderate correlation (r = 0.55) between individual patient LNSC and UFC values when all time points on treatment were pooled (47). Multiple LNSC values can possibly be used and are more convenient to analyze long-term response to pasireotide in lieu of multiple UFC tests, provided LNSC was high at baseline (4).

MEDICATIONS APPROVED FOR OTHER INDICATIONS THAN CD

Cabergoline

Dopamine is a catecholamine important for neurotransmission, for vasoregulatory effects, and for other neurological functions (21, 48). Dopamine receptors are G-protein-coupled receptors consisting of five subtypes, which are further classified into D1-like stimulating receptors (D1, D5) and D2-like (D2, D3, D4) inhibiting receptors. D2 is expressed in approximately 80% of corticotroph adenomas and its expression seems a sine qua non condition for response to dopamine agonist (49).

Cabergoline is the dopamine agonist (DA) of choice given its long plasma half-life, its high affinity for the D2 receptor, and is better tolerated compared with bromocriptine (50). Usual doses in CD are 1.5–5 mg/week and based on initial studies, response to cabergoline is expected to be 30–50% in patients with mild or moderate disease in the short term (51–54). This number drops by half in prolonged studies as 20–25% persist with response at 2–3 years (52, 55). Moreover, a recent prospective study on cabergoline used as a first-line therapy reported a disappointing partial response rate (defined as more than 50% decrease in UFC) of 25% at 6 weeks; only 10% had an improvement in both LNSC and UFC (56). These findings were confirmed by a large retrospective study that included 53 patients treated with cabergoline monotherapy. Forty percent of patients had normalized UFC with clinical improvement in the first 12 months on therapy. On long-term follow-up, 28% of responders stopped treatment because of loss or response or intolerance (55).

Common side effects include orthostatic hypotension due to dopamine’s vasodilatory effects, nausea, headache, and dizziness. Dopamine agonist associated cardiac valvulopathy has been reported, when cabergoline was mostly used to treat Parkinson’s disease (PD) (57). Doses used in CD are lower than in PD but higher than prolactinomas (55, 58); other series in prolactinomas have not found a relation (51, 52, 58, 59), but precaution is advised.

Cabergoline is advantageous for women in or planning pregnancy where therapeutic options are otherwise limited. Its innocuous profile during gestation has been confirmed with an increasing number of uneventful pregnancies (mostly for prolactinomas) (60). Efficacy and safety of cabergoline in CD in pregnancy is also supported by a number of case reports (61–63).

Combination Therapy

Most corticotroph adenomas co-express SSTR5 and D2 receptors, and combining pasireotide and cabergoline could have additive or even synergistic effects (21, 64). An open-label multicenter study followed 66 patients initiated on pasireotide and receiving add-on cabergoline if not controlled on 900 μg twice-daily monotherapy. Two-thirds (39/66) of patients required combination therapy and cabergoline allowed a third of those (13/39) to normalize mean UFC after 35 weeks (65) with no additional safety signals.

Pasireotide and/or cabergoline regimens in combination with adrenal-steroidogenesis inhibitors have also been used (23, 55, 66). In a small study by Vilar et al., adding ketoconazole in patients uncontrolled on cabergoline monotherapy has been shown to normalize UFC values in two-thirds of patients (66). Feelders et al. examined combination therapy of pasireotide with cabergoline and ketoconazole in an open-label prospective study with 17 participants (67). Although the study did demonstrate improvement in UFC normalization with the addition of cabergoline to pasireotide (from 29 to 53%), the patients included in the study had significantly lower mean baseline UFC levels compared with the phase III subcutaneous pasireotide trial, thus possibly underrepresenting the potential added therapeutic effects of cabergoline to pasireotide.

This approach may allow smaller doses thus minimizing side effects without compromising efficacy and is an option for patients not achieving control or intolerant (19, 68).

Although no QTc prolongation has been seen in an animal model study (43), there are no data on patients treated with combination using novel steroidogenesis inhibitors such as osilodrostat and previously described pituitary-directed therapies.

Temozolomide

This oral alkylating agent is also used in the treatment of other cerebral neoplasms because of its ability to cross the blood-brain barrier easily (69). Temozolomide can be used in selected cases of aggressive CD caused by macroadenomas, where management of a locally progressive disease is also a concern (69–71). Temozolomide induces cell apoptosis by methylating DNA, specifically at guanine at 06-position, thus interfering with the next DNA replication cycle (69). At the cellular level, this chemotherapeutic agent induces better cell differentiation and a reduction in proliferation, measured by decrease mitosis and Ki-67 index (71). Repair enzyme 06-methyl-guanine DNA methyltransferase (MGMT) reverses alkylation of the guanine and potentially cancels drugs effect. MGMT, evaluated by pathologists, has been suggested as a predictive factor and low MGMT has been associated with a positive response, but is not universally observed (69–71).

The most commonly used regimen is 150–200 mg/m2/day for 5 days each month (total cycle dose of 750–1,000 mg/m2). Patients must be monitored for cytopenias (mainly neutropenia and thrombopenia), and dose reduction or interruption may be warranted. Common side effects include GI issues, headache, hearing loss and dizziness. In cases of invading tumors, cerebrospinal fluid leak may occur with tumor shrinkage (72). In gliomas, temozolomide has synergistic effects with radiotherapy, both altering DNA and interfering with cell replication process (73). This has not directly been studied in pituitary tumors but could potentially be effective.

Temozolomide is used either alone, or in combination therapy with pasireotide (74). Partial or complete response is usually around 80% (71). Clinical response to temozolomide is rapid, and in cases of CD, structural and biochemical improvement can be observed within 2 months of therapy (69–71). At macroscopic level, tumors become soft and friable and can present as hemorrhage, necrosis and cystic changes on imaging (69). Adjuvant temozolomide pre-surgery has not been studied, although it can be theoretically of benefit in large aggressive tumors if preoperative shrinkage is achieved.

Medical treatment options (available and on the horizon) are summarized in Table 2 (28, 30, 31, 55, 71, 75–80), and their respective mechanism of action is depicted in Figure 1.

TABLE 2 | Summary of pharmacologic therapies for Cushing’s disease (28, 30, 31, 55, 71, 75–80).
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DRUGS IN DEVELOPMENT FOR CD

Roscovitine

Roscovitine is an oral cyclin-dependant kinase (CDK) 2/cyclin E inhibitor (also called R-roscovitine, seliciclib, or CYC202). CDKs are involved in cycle cell progression, differentiation and transcription. During the corticotroph cell cycle, the activated complex formed by CDK2 and cyclin E normally activates pro-opiomelanocortin (POMC) transcription and cell proliferation with decrease cell senescence (78). Corticotroph adenomas uniquely overexpress cyclin E causing ACTH hypersecretion (78), therefore potentially making CDK2/cyclin E a very precise therapeutic target.

Roscovitine is a purine analog acting by direct competition for ATP-binding sites causing inhibition of CDK2 but also CDK 1, 5, and 7 (81, 82). It has been observed in vitro in zebrafish embryos and murine model to inhibit ACTH secretion and to induce cycle cell arrest (83). In vitro human pituitary corticotroph tumors treated with roscovitine showed marked reduction in ACTH levels, and a lesser inhibitory effect on tumor growth (78). In USA, this agent is under phase II study at 400 mg bid for 4 weeks (84).2

Roscovitine is also being studied in a multitude of cancer disease including breast and lung (82, 85) and in other diseases such as pain syndromes and nephritis. Data on safety are yet to be documented, but phase I clinical trials reported that asthenia, nausea, vomiting and hypokalemia are the most frequent side effects, mostly observed at doses above 800 mg twice daily (82).

Retinoic Acid (RA)

Vitamin A derivatives, mainly RA, are important modulators of cell proliferation and function on target organs such as skin, eyes, and brain. RA binds to its nuclear receptor and forms a heterodimer with RA and retinoid X receptors (each having alpha, beta, and gamma subtypes) engendering transcriptional effects on target genes (86). Retinoic acid receptor alpha exists in hypothalamic paraventricular nucleus with corticotropin-releasing hormone and arginine vasopressin, but its precise physiological role is uncertain (86). In the hypothalamus–pituitary–adrenal axis, glucocorticoid receptor (GR) activation depends on its phosphorylation status and is modulated by RA. When tested on murine models of pituitary corticotroph tumors, RA has an inhibitory effect (87, 88). RA causes both inhibition of ACTH secretion via POMC gene transcription mediated by AP-1 and Nur77 (87), and inhibition of corticotroph growth with increase cell death mediated by caspase-3-activity (87). Interestingly, RA action seems specific to adenomatous cells not affecting normal pituitary. More specifically, normal pituitary cells express chicken ovoalbumin upstream promoter transcription factor 1 (COUP-TF1), an orphan nuclear receptor, which prevents inhibition from RA (87). Expression of COUP-TF1 in tumoral cells seems rare, and its presence could be a reason for RA non-response. In a characterization study, only 15% of corticotroph tumors expressed COUP-TF1; all were macroadenomas (75). In addition to its central action, a dual peripheral effect is observed and antiproliferative effect is observed at the adrenal level, mediated by bone morphogenic protein 4 action.

Animal studies showed biochemical and clinical benefit in dogs with CD treated with RA (89) and RA inhibited ACTH production and proliferation indexes in corticotroph cell cultures (87). RA also decreased by approximately 60% the expression of melanocortin receptor type 2 (MC2R), the adrenal ACTH receptor in adrenal cell cultures (90).

Pecori Giraldi et al. showed five out of seven CD patients treated at doses of 80 mg daily for 6–12 months had favorable responses, in which UFCs decreased from 20 to 70% and normalized in three patients (77). Clinical improvement in features of hypercortisolism was also observed (77). Interestingly, ACTH levels initially decreased then returned to initial values without a loss of efficacy. Another small study on CD patients showed that 4/16 (25%) achieved normal UFC levels after 12 months of treatment with 13-cis-RA (e.g., isotretinoin, an isomer of RA) (91).

Retinoic acid is used in different diseases such as severe acne vulgaris and hematologic diseases, and undesirable effects can be minimized by prevention and close monitoring. Frequent side effects are usually manageable such as photosensitivity, cheilitis, mucositis, and hypertriglyceridemia (91, 92). Most serious teratogenic effects of RA are well known and in young women with CD, a contraceptive method is essential. Doses studied in CD are similar than those used for acne (92), and therefore the side effect profile should be similar. If combination therapy is entertained, clinicians also must consider potential drug interactions with ketoconazole that will inhibit isotretinoin metabolism.

Epidermal Growth Factor Receptor (EGFR) Inhibitors

Epidermal growth factor receptor is a cell surface receptor member of the ErbB family. Specific ligands such as EGF or other growth factors can stimulate tyrosine kinase activity with downstream activation of MAPK pathway, phosphatidylinositol-3-kinase, phospholipase C gamma, and transcription factors leading to cell proliferation and differentiation. EGFR overexpression leads to upregulated cell proliferation and is linked with many cancers (93). In CD, EGFR activation also induces high levels of POMC expression and transcription (76). Notably, EGFR is highly expressed in corticotroph tumors (up to 75%) and correlates with a more aggressive subtype (8). EGFR overexpression is linked to downregulated p27, a CDK inhibitor implicated in cell cycle which is depleted in CD and restored by EGFR blockade (76, 94).

The genetic basis of elevated EGFR signaling in CD has recently been clarified by whole genome sequencing. EGFR overexpression is linked to somatic mutation in the candidate ubiquitin-specific protease 8 (USP8) gene (95, 96). USP8 mutation is found in 30–60% of ACTH tumors (95, 96) and appears specific to corticotroph tumors (96). Mutated USP8 adenomas harbor more EGFR expression, higher EGFR protein and higher POMC mRNAs (96). USP8 mutation at the 14-3-3 binding motif leads to a hyperfunction of this deubiquinating enzyme directed to its target EGFR leading to reduce EGFR degradation (95, 96). USP8 knockdown leads to reduce EGFR protein and inhibits ACTH secretion. USP8 characterization is not widely available, but USP8-mutated corticotroph adenomas causing CD appear more frequently in women (70–95% females), are smaller in size (most tumors are <0.5 cm) and are less radiologically invasive, compared with wild type (95, 97). Of note, 30–40% of these tumors were also very large and invasive (97). Biochemical parameters such as ACTH levels of degree of hypercortisolism were similar, but the secreting ability of USP8-mutated tumors was proportionally higher (e.g., higher ACTH levels compared with size) than other corticotroph adenomas (95, 97). These clinical characteristics may help identify tumors harboring USP8 mutations pending widely available genetic testing.

Blocking EGFR induces reduced POMC promoter activity with antiproliferative effects in a dose-dependent manner in cultures of canine and human corticotroph tumors (76). Gefitinib, an oral EGFR inhibitor, is actively studied in USP8-mutated CD in China (phase II) (98).3 In vivo gefitinib treatment of mice with corticotropinomas (AtT20 allografts) both led to decreased tumor volume and clinical improvement in omental fat (76). Gefitinib is indicated for the first-line treatment of patients with metastatic non-small-cell lung cancer with tumors harboring EGFR-specific mutations (93). Used at doses of 250 mg daily, gefitinib’s most frequent side effects were Grade 1 or 2 skin rash and diarrhea, mild elevation of transaminases and rare development of interstitial lung disease (2.6% Grade > 3), for which monitoring is advised (99).

FUTURE POSSIBLE TARGETS

Genetic Manipulation of MicroRNA (miRNA)

MicroRNAs are small non-coding gene portions that have an important role in regulating other genes expression. Evidence exists in the cancer field that inhibition of miRNAs could be achieved by an antisense oligomer delivered to the tumor (100). This evolving area of therapy may be applicable to pituitary tumors. miRNAs are implicated in pituitary tumor growth, differentiation and aggressiveness by modulating transcription factors or enzyme activity by methylation or by other mechanism (101). In corticotroph adenomas, there is downregulation of several miRNAs, losing their tumor suppressive action. Stilling et al. found that miRNA-122 and -493 are implicated in tumor development of aggressive corticotroph adenomas and carcinomas (102). Their manipulation could potentially lead to tumor regression.

Silibinin; Heat Shock Protein 90 (HSP90) Inhibition

Heat shock protein 90 is a chaperone protein interacting with the GR to induce conformation changes essential for GR action, thereby regulating cell proliferation and POMC transcription. HSP90 allows proper folding of the GR ligand-binding domain. Once cortisol binds to its surface receptor, the unit then translocates to the nucleus where NR3C1 binds to regulatory areas on DNA, affecting transcription of genes implicated in synthesis of POMC, consequently inhibiting ACTH secretion (8). This cascade is the basis of the glucocorticoid (GC) negative feedback inhibition. HSP90 is overexpressed in corticotroph adenomas, leading to its continued binding to GR, consequent decreased sensitivity of GR to circulating GC (and dexamethasone, for example), and ultimately increased transcription of POMC (79).

Heat shock protein 90 inhibitors cause release of the GR from HSP90. This might restore GC sensitivity by stabilizing GR in a high-affinity conformation for ligand binding (103). N- and C-terminal inhibitors have been studied and act at different levels of the cycle. The most promising agent is silibinin, a C-terminal HSP90 inhibitor extracted from milk thistle seeds. In a murine corticotroph cell line (AtT20), silibinin increased the transcriptional activity of NR3C1 and GR sites, leading to decrease POMC transcription and suppression of ACTH secretion (79). This effect was enhanced by dexamethasone. Mice with corticotroph tumors treated with silibinin showed decreased tumor growth, lower hypercortisolism levels and clinical improvement in their cushingoid features (79).

Silibinin has a very favorable side effect profile, and milk thistle herbal supplement is mostly used for liver and biliary issues (104, 105). Silibinin has been studied for its anti-fibrotic hepatic effect (106), but also for its anti-cancerous and anti-inflammatory action in prostate cancer, Alzheimer disease and osteoarthritis (107–109).

Testicular Orphan Receptor 4 (TR4) Inhibition

Testicular orphan receptor 4 is a nuclear receptor and transcription factor implicated in many physiological processes (103). TR4 is normally expressed in corticotroph cells, and TR4 knockdown leads to decreased POMC expression (110). Overexpression of TR4 has been observed in corticotroph tumors, thereby increasing POMC transcription and ACTH secretion, but also cell proliferation (110). These actions are also based on decreased sensitivity to circulating GC, as TR4 blunts the interaction between GC and GR with POMC gene promoter (111). Increased activity of TR4 could result from EGFR signaling, thus also potentially linking its expression to USP8 (111). These findings make TR4 a potential therapeutic target, but no antagonist or inhibitor has been developed to date.

Monoclonal ACTH Antibody

ALD1613 is a specific, high-affinity, monoclonal antibody-blocking ACTH signaling. This molecule binds to ACTH with high-affinity and high-specificity thus inhibiting MC2R signaling in vitro. It neutralized ACTH activity in vitro and reduced GC levels in rats and in cynomolgus monkeys (112). ALD1613 treated rats had also a blunted GC response to stress (112). There are no published human studies to date.

CONCLUSION

With increased knowledge of CD pathophysiology (113) at the molecular level, the face of medical therapy for CD is quickly changing. Pasireotide remains the only drug approved specifically to treat CD at the pituitary level, but the pharmacopeia continues to expand. Future studies as to precise efficacy and safety of new pharmaceutical agents and identification of response predictors, are in the wings. A multidisciplinary team with collaborating experts remains the basis of complex disease management. A personalized and individual-based approach is key to offering treatment with highest success rate while minimizing the side effects and improving patient quality of life.

AUTHOR CONTRIBUTIONS

FL contributed to conception and design, acquisition of data, analysis and interpretation of data, drafting, critically revising, statistical analysis, and administrative/technical/material support, and reviewed submitted version of manuscript. JC contributed to acquisition of data, analysis and interpretation of data, drafting, critically revising, statistical analysis, and administrative/technical/material support, and reviewed submitted version of manuscript. MF contributed to conception and design, acquisition of data, analysis and interpretation of data, drafting, critically revising, statistical analysis, administrative/technical/material support, and study supervision, and reviewed submitted version of manuscript.

ACKNOWLEDGMENTS

The authors thank Shirley McCartney, PhD, for editorial assistance.

FUNDING

The authors received no financial support regarding manuscript preparation.

REFERENCES

1. 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

2. Fleseriu M. Medical treatment of Cushing disease: new targets, new hope. Endocrinol Metab Clin North Am (2015) 44:51–70. doi:10.1016/j.ecl.2014.10.006

3. Petersenn S, Beckers A, Ferone D, van der Lely A, Bollerslev J, Boscaro M, et al. Therapy of endocrine disease: outcomes in patients with Cushing’s disease undergoing transsphenoidal surgery: systematic review assessing criteria used to define remission and recurrence. Eur J Endocrinol (2015) 172:R227–39. doi:10.1530/EJE-14-0883

4. Fleseriu M, Hamrahian AH, Hoffman AR, Kelly DF, Katznelson L, AACE Neuroendocrine and Pituitary Scientific Committee*. American Association of Clinical Endocrinologists and American College of Endocrinology disease state clinical review: diagnosis of recurrence in Cushing disease. Endocr Pract (2016) 22:1436–48. doi:10.4158/EP161512.DSCR

5. Geer EB, Shafiq I, Gordon MB, Bonert V, Ayala A, Swerdloff RS, et al. Biochemical control during long-term follow-up of 230 adult patients with Cushing disease: a multicenter retrospective study. Endocr Pract (2017) 23:962–70. doi:10.4158/EP171787.OR

6. Cushing H. The Pituitary Body and its Disorders. Philadelphia: JB Lippincott Co (1912).

7. Lau D, Rutledge C, Aghi MK. Cushing’s disease: current medical therapies and molecular insights guiding future therapies. Neurosurg Focus (2015) 38:E11. doi:10.3171/2014.10.FOCUS14700

8. Daniel E, Newell-Price J. Recent advances in understanding Cushing disease: resistance to glucocorticoid negative feedback and somatic USP8 mutations. F1000Res (2017) 6:613. doi:10.12688/f1000research.10968.1

9. Langlois F, McCartney S, Fleseriu M. Recent progress in the medical therapy of pituitary tumors. Endocrinol Metab (Seoul) (2017) 32:162–70. doi:10.3803/EnM.2017.32.2.162

10. Langlois F, Lim DST, Yedinak CG, Cetas I, McCartney S, Cetas J, et al. Predictors of silent corticotroph adenoma recurrence; a large retrospective single center study and systematic literature review. Pituitary (2018) 21:32–40. doi:10.1007/s11102-017-0844-4

11. Heaney AP, Fernando M, Melmed S. PPAR-gamma receptor ligands: novel therapy for pituitary adenomas. J Clin Invest (2003) 111:1381–8. doi:10.1172/JCI200316575

12. Ambrosi B, Dall’Asta C, Cannavo S, Libe R, Vigo T, Epaminonda P, et al. Effects of chronic administration of PPAR-gamma ligand rosiglitazone in Cushing’s disease. Eur J Endocrinol (2004) 151:173–8. doi:10.1530/eje.0.1510173

13. Mannelli M, Cantini G, Poli G, Mangoni M, Nesi G, Canu L, et al. Role of the PPAR-γ system in normal and tumoral pituitary corticotropic cells and adrenal cells. Neuroendocrinology (2010) 92(Suppl 1):23–7. doi:10.1159/000314312

14. Heaney AP. PPAR-gamma in Cushing’s disease. Pituitary (2004) 7:265–9. doi:10.1007/s11102-005-1430-8

15. Biller BMK, Grossman AB, Stewart PM, Melmed S, Bertagna X, Bertherat J, et al. Treatment of adrenocorticotropin-dependent Cushing’s syndrome: a consensus statement. J Clin Endocrinol Metab (2008) 93:2454. doi:10.1210/jc.2007-2734

16. Colao A, Pivonello R, Tripodi FS, Orio F Jr, Ferone D, Cerbone G, et al. Failure of long-term therapy with sodium valproate in Cushing’s disease. J Endocrinol Invest (1997) 20:387–92. doi:10.1007/BF03347989

17. Suda T, Tozawa F, Mouri T, Sasaki A, Shibasaki T, Demura H, et al. Effects of cyproheptadine, reserpine, and synthetic corticotropin-releasing factor on pituitary glands from patients with Cushing’s disease. J Clin Endocrinol Metab (1983) 56:1094–9. doi:10.1210/jcem-56-6-1094

18. Tanakol R, Alagol F, Azizlerli H, Sandalci O, Terzioglu T, Berker F. Cyproheptadine treatment in Cushing’s disease. J Endocrinol Invest (1996) 19:242–7. doi:10.1007/BF03349875

19. Nieman LK, Biller BM, Findling JW, Murad MH, Newell-Price J, Savage MO, et al. Treatment of Cushing’s syndrome: an endocrine society clinical practice guideline. J Clin Endocrinol Metab (2015) 100:2807–31. doi:10.1210/jc.2015-1818

20. Fernando MA, Heaney AP. Alpha1-adrenergic receptor antagonists: novel therapy for pituitary adenomas. Mol Endocrinol (2005) 19:3085–96. doi:10.1210/me.2004-0471

21. de Bruin C, Feelders RA, Lamberts SWJ, Hofland LJ. Somatostatin and dopamine receptors as targets for medical treatment of Cushing’s syndrome. Rev Endocr Metab Disord (2008) 10:91. doi:10.1007/s11154-008-9082-4

22. Ben-Shlomo A, Schmid H, Wawrowsky K, Pichurin O, Hubina E, Chesnokova V, et al. Differential ligand-mediated pituitary somatostatin receptor subtype signaling: implications for corticotroph tumor therapy. J Clin Endocrinol Metab (2009) 94:4342–50. doi:10.1210/jc.2009-1311

23. Cuevas-Ramos D, Fleseriu M. Treatment of Cushing’s disease: a mechanistic update. J Endocrinol (2014) 223:R19. doi:10.1530/JOE-14-0300

24. Dworakowska D, Wlodek E, Leontiou CA, Igreja S, Cakir M, Teng M, et al. Activation of RAF/MEK/ERK and PI3K/AKT/mTOR pathways in pituitary adenomas and their effects on downstream effectors. Endocr Relat Cancer (2009) 16:1329–38. doi:10.1677/ERC-09-0101

25. Ferone D, Pivonello C, Vitale G, Zatelli MC, Colao A, Pivonello R. Molecular basis of pharmacological therapy in Cushing’s disease. Endocrine (2014) 46:181–98. doi:10.1007/s12020-013-0098-5

26. van der Hoek J, Lamberts SW, Hofland LJ. The role of somatostatin analogs in Cushing’s disease. Pituitary (2004) 7:257–64. doi:10.1007/s11102-005-1404-x

27. Boscaro M, Ludlam WH, 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): a multicenter, phase II trial. J Clin Endocrinol Metab (2009) 94:115–22. doi:10.1210/jc.2008-1008

28. 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

29. Novartis Pharma AG. SIGNIFOR® LAR (Pasireotide) for Injectable Suspension, for Intramuscular Use. (2014). Available from: https://www.pharma.us.novartis.com/sites/www.pharma.us.novartis.com/files/signifor_lar.pdf (Accessed: January 2, 2018).

30. Lacroix A, Gu F, Gallardo W, Pivonello R, Yu Y, Witek P, et al. Efficacy and safety of once-monthly pasireotide in Cushing’s disease: a 12 month clinical trial. Lancet Diabetes Endocrinol (2018) 6:17–26. doi:10.1016/S2213-8587(17)30326-1

31. Pivonello R, Petersenn S, Newell-Price J, Findling JW, Gu F, Maldonado M, et al. Pasireotide treatment significantly improves clinical signs and symptoms in patients with Cushing’s disease: results from a Phase III study. Clin Endocrinol (Oxf) (2014) 81:408–17. doi:10.1111/cen.12431

32. Petersenn S, Salgado LR, Schopohl J, Portocarrero-Ortiz L, Arnaldi G, Lacroix A, et al. Long-term treatment of Cushing’s disease with pasireotide: 5-year results from an open-label extension study of a phase III trial. Endocrine (2017) 57:156–65. doi:10.1007/s12020-017-1316-3

33. MacKenzie Feder J, Bourdeau I, Vallette S, Beauregard H, Ste-Marie L-G, Lacroix A. Pasireotide monotherapy in Cushing’s disease: a single-centre experience with 5-year extension of phase III trial. Pituitary (2014) 17:519–29. doi:10.1007/s11102-013-0539-4

34. Greenman Y, Stern N. Paradoxical and atypical responses to pasireotide in aggressive ACTH-secreting pituitary tumors. Pituitary (2016) 19:605–11. doi:10.1007/s11102-016-0755-9

35. Mandanas S, Mathiopoulou L, Boudina M, Chrisoulidou A, Pazaitou-Panayiotou K. Loss of efficacy of pasireotide after its re-administration: is there a reason why? Rare Tumors (2016) 8:6489. doi:10.4081/rt.2016.6489

36. Batista DL, Zhang X, Gejman R, Ansell PJ, Zhou Y, Johnson SA, et al. The effects of SOM230 on cell proliferation and adrenocorticotropin secretion in human corticotroph pituitary adenomas. J Clin Endocrinol Metab (2006) 91:4482–8. doi:10.1210/jc.2006-1245

37. Zatelli MC, Piccin D, Vignali C, Tagliati F, Ambrosio MR, Bondanelli M, et al. Pasireotide, a multiple somatostatin receptor subtypes ligand, reduces cell viability in non-functioning pituitary adenomas by inhibiting vascular endothelial growth factor secretion. Endocr Relat Cancer (2007) 14:91–102. doi:10.1677/ERC-06-0026

38. Henry RR, Ciaraldi TP, Armstrong D, Burke P, Ligueros-Saylan M, Mudaliar S. Hyperglycemia associated with pasireotide: results from a mechanistic study in healthy volunteers. J Clin Endocrinol Metab (2013) 98:3446–53. doi:10.1210/jc.2013-1771

39. Guarnotta V, Pizzolanti G, Ciresi A, Giordano C. Insulin sensitivity and secretion and adipokine profile in patients with Cushing’s disease treated with pasireotide. J Endocrinol Invest (2018). doi:10.1007/s40618-018-0839-7

40. Dietrich H, Hu K, Ruffin M, Song D, Bouillaud E, Wang Y, et al. Safety, tolerability, and pharmacokinetics of a single dose of pasireotide long-acting release in healthy volunteers: a single-center phase I study. Eur J Endocrinol (2012) 166:821–8. doi:10.1530/EJE-11-0773

41. Silverstein JM. Hyperglycemia induced by pasireotide in patients with Cushing’s disease or acromegaly. Pituitary (2016) 19:536–43. doi:10.1007/s11102-016-0734-1

42. Study of Management of Pasireotide-Induced Hyperglycemia in Adult Patients With Cushing’s Disease or Acromegaly. Available from: https://clinicaltrials.gov/ct2/show/NCT02060383 (Accessed: January 2, 2018).

43. Li L, Vashisht K, Boisclair J, Li W, Lin TH, Schmid HA, et al. Osilodrostat (LCI699), a potent 11beta-hydroxylase inhibitor, administered in combination with the multireceptor-targeted somatostatin analog pasireotide: a 13-week study in rats. Toxicol Appl Pharmacol (2015) 286:224–33. doi:10.1016/j.taap.2015.05.004

44. Petersenn S, Newell-Price J, Findling JW, Gu F, Maldonado M, Sen K, et al. High variability in baseline urinary free cortisol values in patients with Cushing’s disease. Clin Endocrinol (Oxf) (2014) 80:261–9. doi:10.1111/cen.12259

45. Nunes ML, Vattaut S, Corcuff JB, Rault A, Loiseau H, Gatta B, et al. Late-night salivary cortisol for diagnosis of overt and subclinical Cushing’s syndrome in hospitalized and ambulatory patients. J Clin Endocrinol Metab (2009) 94:456–62. doi:10.1210/jc.2008-1542

46. Amlashi FG, Swearingen B, Faje AT, Nachtigall LB, Miller KK, Klibanski A, et al. Accuracy of late-night salivary cortisol in evaluating postoperative remission and recurrence in Cushing’s disease. J Clin Endocrinol Metab (2015) 100:3770–7. doi:10.1210/jc.2015-2107

47. Findling JW, Fleseriu M, Newell-Price J, Petersenn S, Pivonello R, Kandra A, et al. Late-night salivary cortisol may be valuable for assessing treatment response in patients with Cushing’s disease: 12-month, phase III pasireotide study. Endocrine (2016) 54:516–23. doi:10.1007/s12020-016-0978-6

48. Missale C, Nash SR, Robinson SW, Jaber M, Caron MG. Dopamine receptors: from structure to function. Physiol Rev (1998) 78:189–225. doi:10.1152/physrev.1998.78.1.189

49. Pivonello R, Ferone D, de Herder WW, Kros JM, Del Basso De Caro ML, Arvigo M, et al. Dopamine receptor expression and function in corticotroph pituitary tumors. J Clin Endocrinol Metab (2004) 89:2452–62. doi:10.1210/jc.2003-030837

50. Colao A, Lombardi G, Annunziato L. Cabergoline. Expert Opin Pharmacother (2000) 1:555–74. doi:10.1517/14656566.1.3.555

51. Pivonello R, De Martino MC, Cappabianca P. Medical treatment of Cushing’s disease: effectiveness of chronic treatment with the dopamine agonist cabergoline in patients unsuccessfully treated by surgery. J Clin Endocrinol Metab (2009) 94:223–30. doi:10.1210/jc.2008-1533

52. Godbout A, Manavela M, Danilowicz K, Beauregard H, Bruno OD, Lacroix A. Cabergoline monotherapy in the long-term treatment of Cushing’s disease. Eur J Endocrinol (2010) 163:709. doi:10.1530/EJE-10-0382

53. Lila A, Gopal R, Acharya S, George J, Sarathi V, Bandgar T, et al. Efficacy of cabergoline in uncured (persistent or recurrent) Cushing disease after pituitary surgical treatment with or without radiotherapy. Endocr Pract (2010) 16:968–76. doi:10.4158/EP10031.OR

54. Vilar L, Naves LA, Azevedo MF. Effectiveness of cabergoline in monotherapy and combined with ketoconazole in the management of Cushing’s disease. Pituitary (2010) 13:123. doi:10.1007/s11102-009-0209-8

55. Ferriere A, Cortet C, Chanson P, Delemer B, Caron P, Chabre O, et al. Cabergoline for Cushing’s disease: a large retrospective multicenter study. Eur J Endocrinol (2017) 176:305–14. doi:10.1530/EJE-16-0662

56. Burman P, Eden-Engstrom B, Ekman B, Karlsson FA, Schwarcz E, Wahlberg J. Limited value of cabergoline in Cushing’s disease: a prospective study of a 6-week treatment in 20 patients. Eur J Endocrinol (2016) 174:17–24. doi:10.1530/EJE-15-0807

57. Schade R, Andersohn F, Suissa S, Haverkamp W, Garbe E. Dopamine agonists and the risk of cardiac-valve regurgitation. N Engl J Med (2007) 356:29–38. doi:10.1056/NEJMoa062222

58. Vroonen L, Lancellotti P, Garcia MT, Dulgheru R, Almanza M, Maiga I, et al. Prospective, long-term study of the effect of cabergoline on valvular status in patients with prolactinoma and idiopathic hyperprolactinemia. Endocrine (2017) 55:239–45. doi:10.1007/s12020-016-1120-5

59. Drake WM, Stiles CE, Bevan JS, Karavitaki N, Trainer PJ, Rees DA, et al. A follow-up study of the prevalence of valvular heart abnormalities in hyperprolactinemic patients treated with cabergoline. J Clin Endocrinol Metab (2016) 101:4189–94. doi:10.1210/jc.2016-2224

60. Araujo B, Belo S, Carvalho D. Pregnancy and tumor outcomes in women with prolactinoma. Exp Clin Endocrinol Diabetes (2017) 125:642–8. doi:10.1055/s-0043-112861

61. Yawar A, Zuberi LM, Haque N. Cushing’s disease and pregnancy: case report and literature review. Endocr Pract (2007) 13:296–9. doi:10.4158/EP.13.3.296

62. Nakhleh A, Saiegh L, Reut M, Ahmad MS, Pearl IW, Shechner C. Cabergoline treatment for recurrent Cushing’s disease during pregnancy. Hormones (Athens) (2016) 15:453–8. doi:10.14310/horm.2002.1685

63. Sek KS, Deepak DS, Lee KO. Use of cabergoline for the management of persistent Cushing’s disease in pregnancy. BMJ Case Rep (2017). doi:10.1136/bcr-2016-217855

64. Fleseriu M, Petersenn S. New avenues in the medical treatment of Cushing’s disease: corticotroph tumor targeted therapy. J Neurooncol (2013) 114:1–11. doi:10.1007/s11060-013-1151-1

65. Pivonello R, Kadioglu P, Bex M, Devia DG, Boguszewski C, Yavuz DG, et al. Pasireotide alone or in combination with cabergoline effectively controls urinary free cortisol levels: results from a prospective study in patients with Cushing’s disease (CAPACITY). Endocrine Abstracts (2017) 49:GP187. doi:10.1530/endoabs.49.GP187

66. Vilar L, Naves LA, Machado MC, Bronstein MD. Medical combination therapies in Cushing’s disease. Pituitary (2015) 18:253–62. doi:10.1007/s11102-015-0641-x

67. Feelders RA, de Bruin C, Pereira AM, Romijn JA, Netea-Maier RT, Hermus AR, et al. Pasireotide alone or with cabergoline and ketoconazole in Cushing’s disease. N Engl J Med (2010) 362:1846–8. doi:10.1056/NEJMc1000094

68. Fleseriu M, Petersenn S. Medical management of Cushing’s disease: what is the future? Pituitary (2012) 15:330–41. doi:10.1007/s11102-012-0397-5

69. Ortiz LD, Syro LV, Scheithauer BW, Rotondo F, Uribe H, Fadul CE, et al. Temozolomide in aggressive pituitary adenomas and carcinomas. Clinics (2012) 67:119–23. doi:10.6061/clinics/2012(Sup01)20

70. Dillard TH, Gultekin SH, Delashaw JB, Yedinak CG, Neuwelt EA, Fleseriu M. Temozolomide for corticotroph pituitary adenomas refractory to standard therapy. Pituitary (2011) 14:80–91. doi:10.1007/s11102-010-0264-1

71. Ji Y, Vogel RI, Lou E. Temozolomide treatment of pituitary carcinomas and atypical adenomas: systematic review of case reports. Neurooncol Pract (2016) 3:188–95. doi:10.1093/nop/npv059

72. Bush ZM, Longtine JA, Cunningham T, Schiff D, Jane JA Jr, Vance ML, et al. Temozolomide treatment for aggressive pituitary tumors: correlation of clinical outcome with O(6)-methylguanine methyltransferase (MGMT) promoter methylation and expression. J Clin Endocrinol Metab (2010) 95:E280–90. doi:10.1210/jc.2010-0441

73. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJ, et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N Engl J Med (2005) 352:987–96. doi:10.1056/NEJMoa043330

74. Ceccato F, Lombardi G, Manara R, Emanuelli E, Denaro L, Milanese L, et al. Temozolomide and pasireotide treatment for aggressive pituitary adenoma: expertise at a tertiary care center. J Neurooncol (2015) 122:189–96. doi:10.1007/s11060-014-1702-0

75. Bush ZM, Lopes MB, Hussaini IM, Jane JA Jr, Laws ER Jr, Vance ML. Immunohistochemistry of COUP-TFI: an adjuvant diagnostic tool for the identification of corticotroph microadenomas. Pituitary (2010) 13:1–7. doi:10.1007/s11102-009-0189-8

76. Fukuoka H, Cooper O, Ben-Shlomo A, Mamelak A, Ren SG, Bruyette D, et al. EGFR as a therapeutic target for human, canine, and mouse ACTH-secreting pituitary adenomas. J Clin Invest (2011) 121:4712–21. doi:10.1172/JCI60417

77. Pecori Giraldi F, Ambrogio AG, Andrioli M. Potential role for retinoic acid in patients with Cushing’s disease. J Clin Endocrinol Metab (2012) 97:3577. doi:10.1210/jc.2012-2328

78. Liu NA, Araki T, Cuevas-Ramos D, Hong J, Ben-Shlomo A, Tone Y, et al. Cyclin E-mediated human proopiomelanocortin regulation as a therapeutic target for Cushing disease. J Clin Endocrinol Metab (2015) 100:2557–64. doi:10.1210/jc.2015-1606

79. 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. doi:10.1038/nm.3776

80. Simeoli C, Auriemma RS, Tortora F, De Leo M, Iacuaniello D, Cozzolino A, et al. The treatment with pasireotide in Cushing’s disease: effects of long-term treatment on tumor mass in the experience of a single center. Endocrine (2015) 50:725–40. doi:10.1007/s12020-015-0557-2

81. Meijer L, Borgne A, Mulner O, Chong JPJ, Blow JJ, Inagaki N, et al. Biochemical and cellular effects of roscovitine, a potent and selective inhibitor of the cyclin-dependent kinases cdc2, cdk2 and cdk5. Eur J Biochem (1997) 243:527–36. doi:10.1111/j.1432-1033.1997.t01-2-00527.x

82. Cicenas J, Kalyan K, Sorokinas A, Stankunas E, Levy J, Meskinyte I, et al. Roscovitine in cancer and other diseases. Ann Transl Med (2015) 3:135. doi:10.3978/j.issn.2305-5839.2015.03.61

83. Liu NA, Jiang H, Ben-Shlomo A, Wawrowsky K, Fan XM, Lin S, et al. Targeting zebrafish and murine pituitary corticotroph tumors with a cyclin-dependent kinase (CDK) inhibitor. Proc Natl Acad Sci U S A (2011) 108:8414–9. doi:10.1073/pnas.1018091108

84. Treatment of Cushing’s Disease With R-roscovitine. Available from: https://clinicaltrials.gov/ct2/show/NCT02160730 (Accessed: January 2, 2018).

85. Huang C-Y, Ju D-T, Chang C-F, Muralidhar Reddy P, Velmurugan BK. A review on the effects of current chemotherapy drugs and natural agents in treating non-small cell lung cancer. Biomedicine (2017) 7:23. doi:10.1051/bmdcn/2017070423

86. Brossaud J, Pallet V, Corcuff JB. Vitamin A, endocrine tissues and hormones: interplay and interactions. Endocr Connect (2017) 6:R121–30. doi:10.1530/EC-17-0101

87. Páez-Pereda M, Kovalovsky D, Hopfner U, Theodoropoulou M, Pagotto U, Uhl E, et al. Retinoic acid prevents experimental Cushing syndrome. J Clin Invest (2001) 108:1123–31. doi:10.1172/JCI11098

88. Giacomini D, Páez-Pereda M, Theodoropoulou M, Labeur M, Refojo D, Gerez J, et al. Bone morphogenetic protein-4 inhibits corticotroph tumor cells: involvement in the retinoic acid inhibitory action. Endocrinology (2006) 147:247–56. doi:10.1210/en.2005-0958

89. Castillo V, Giacomini D, Páez-Pereda M, Stalla J, Labeur M, Theodoropoulou M, et al. Retinoic acid as a novel medical therapy for Cushing’s disease in dogs. Endocrinology (2006) 147:4438–44. doi:10.1210/en.2006-0414

90. Sesta A, Cassarino MF, Tapella L, Castelli L, Cavagnini F, Pecori Giraldi F. Effect of retinoic acid on human adrenal corticosteroid synthesis. Life Sci (2016) 151:277–80. doi:10.1016/j.lfs.2016.03.023

91. Vilar L, Albuquerque JL, Lyra R, Trovão Diniz E, Rangel Filho F, Gadelha P, et al. The Role of isotretinoin therapy for Cushing’s disease: results of a prospective study. Int J Endocrinol (2016) 2016:8173182. doi:10.1155/2016/8173182

92. Layton A. The use of isotretinoin in acne. Dermatoendocrinol (2009) 1:162–9. doi:10.4161/derm.1.3.9364

93. Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto RA, Brannigan BW, et al. Activating mutations in the epidermal growth factor receptor underlying responsiveness of non-small-cell lung cancer to gefitinib. N Engl J Med (2004) 350:2129–39. doi:10.1056/NEJMoa040938

94. Onguru O, Scheithauer BW, Kovacs K, Vidal S, Jin L, Zhang S, et al. Analysis of epidermal growth factor receptor and activated epidermal growth factor receptor expression in pituitary adenomas and carcinomas. Mod Pathol (2004) 17:772. doi:10.1038/modpathol.3800118

95. 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

96. Reincke M, Sbiera S, Hayakawa A. Mutations in the deubiquitinase gene USP8 cause Cushing’s disease. Nat Genet (2015) 47:31. doi:10.1038/ng.3166

97. Hayashi K, Inoshita N, Kawaguchi K, Ibrahim Ardisasmita A, Suzuki H, Fukuhara N, et al. The USP8 mutational status may predict drug susceptibility in corticotroph adenomas of Cushing’s disease. Eur J Endocrinol (2016) 174:213–26. doi:10.1530/EJE-15-0689

98. Targeted Therapy With Gefitinib in Patients With USP8-Mutated Cushing’s Disease. Available from: https://clinicaltrials.gov/ct2/show/NCT02484755 (Accessed: January 2, 2018).

99. Maemondo M, Inoue A, Kobayashi K, Sugawara S, Oizumi S, Isobe H, et al. Gefitinib or chemotherapy for non-small-cell lung cancer with mutated EGFR. N Engl J Med (2010) 362:2380–8. doi:10.1056/NEJMoa0909530

100. Cheng CJ, Bahal R, Babar IA, Pincus Z, Barrera F, Liu C, et al. MicroRNA silencing for cancer therapy targeted to the tumour microenvironment. Nature (2015) 518:107–10. doi:10.1038/nature13905

101. Wierinckx A, Roche M, Legras-Lachuer C, Trouillas J, Raverot G, Lachuer J. MicroRNAs in pituitary tumors. Mol Cell Endocrinol (2017) 456:51–61. doi:10.1016/j.mce.2017.01.021

102. Stilling G, Sun Z, Zhang S, Jin L, Righi A, Kovācs G, et al. MicroRNA expression in ACTH-producing pituitary tumors: up-regulation of microRNA-122 and -493 in pituitary carcinomas. Endocrine (2010) 38:67–75. doi:10.1007/s12020-010-9346-0

103. Sbiera S, Deutschbein T, Weigand I, Reincke M, Fassnacht M, Allolio B. The new molecular landscape of Cushing’s disease. Trends Endocrinol Metab (2015) 26:573–83. doi:10.1016/j.tem.2015.08.003

104. National Center for Complementary and Integrative Health (NCCIH). Milk Thistle. (2016). Available from: https://nccih-nih-gov.liboff.ohsu.edu/health/milkthistle/ataglance.htm (Accessed: January 2, 2018).

105. National Cancer Institute (NCI). Milk Thistle (PDQ®) – Health Professional Version. (2017). Available from: https://www.cancer.gov/about-cancer/treatment/cam/hp/milk-thistle-pdq (Accessed: January 2, 2018)

106. Trappoliere M, Caligiuri A, Schmid M, Bertolani C, Failli P, Vizzutti F, et al. Silybin, a component of sylimarin, exerts anti-inflammatory and anti-fibrogenic effects on human hepatic stellate cells. J Hepatol (2009) 50:1102–11. doi:10.1016/j.jhep.2009.02.023

107. Duan S, Guan X, Lin R, Liu X, Yan Y, Lin R, et al. Silibinin inhibits acetylcholinesterase activity and amyloid beta peptide aggregation: a dual-target drug for the treatment of Alzheimer’s disease. Neurobiol Aging (2015) 36:1792–807. doi:10.1016/j.neurobiolaging.2015.02.002

108. Nambiar DK, Rajamani P, Deep G, Jain AK, Agarwal R, Singh RP. Silibinin preferentially radiosensitizes prostate cancer by inhibiting DNA repair signaling. Mol Cancer Ther (2015) 14:2722–34. doi:10.1158/1535-7163.MCT-15-0348

109. Zheng W, Feng Z, Lou Y, Chen C, Zhang C, Tao Z, et al. Silibinin protects against osteoarthritis through inhibiting the inflammatory response and cartilage matrix degradation in vitro and in vivo. Oncotarget (2017) 8:99649–65. doi:10.18632/oncotarget.20587

110. 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 U S A (2013) 110:8555–60. doi:10.1073/pnas.1306182110

111. 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

112. Feldhaus AL, Anderson K, Dutzar B, Ojala E, McNeill PD, Fan P, et al. ALD1613, a novel long-acting monoclonal antibody to control ACTH-driven pharmacology. Endocrinology (2017) 158:1–8. doi:10.1210/en.2016-1455

113. Cushing H. The basophil adenomas of the pituitary and their clinical manifestations. Bull Johns Hopkins Hosp (1932) 50:137–95.

Conflict of Interest Statement: MF has received scientific consultant fees from Novartis Pharmaceuticals and Strongbridge Biopharma and is a principal investigator in clinical trials sponsored by Novartis Pharmaceuticals, Millendo Therapeutics, and Strongbridge Biopharma, with research support to OHSU. FL and JC have no competing interests.

Copyright © 2018 Langlois, Chu and Fleseriu. 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 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.



1https://clinicaltrials.gov/ct2/show/NCT02060383 (Accessed: January 2, 2018).

2https://clinicaltrials.gov/ct2/show/NCT02160730 (Accessed: January 2, 2018).

3https://clinicaltrials.gov/ct2/show/NCT02484755 (Accessed: January 2, 2018).

OPS/images/fendo-09-00164-t001.jpg
(a) Overall changes in clinical signs and symptoms of CD when treated by pasireotide (16, 30, 31)

Pasireotide subcutaneous, twice daily Pasireotide LAR
Overall average Median Overall average
& months (n = 107)* 12 months 60 months 7 months 12 months
(=787 (n =16 =116y (n =104y

Weight, kg -44 -67 -62 -33 -500
Body mass index, kg/m* -16 -25 -23 -1
Waist circumference, cm (n) -26 -5.0(69) =
Systolic blood pressure, mmHg 9.1 -6.1 -43
Diastolic blood pressure, mmHg -46 =37 -7
Total cholesterol, mg/dL -145 -20.7 -50.3 -135
Low-density lipoprotein, mg/dL. -11.6 -155 -27.1 -136°
High-density ipoprotein, mg/dL - - -36
Trighycerides, mg/dL. 0 177 -266 —45
Health-related quality of life score, in points +9.5 +11.1 - +6.7°
Tumor volume, % change from baseline, cm? (n) -3.64% (75) —27.14% (75) +0.006% (6) = -17%
Facial rubor, % patients with improvement (1) 46% (96) 50% (69) 80% 44% (108) 44% (86)
Supraciavicular fat pad, % patients with improvement (1) 41% (93) 54% (68) 85% 34% (108) 38% (86)
Dorsal fat pad, % patients with improvement (1) 39% (93) 55% (67) 60% 35% (107) 39% (85)
(b) Improvements in selected parameters at month 6 when treated with pasireotide subcutaneously twice daily compared with baseline* (16)

Baseline (n = 162) Controlled Partially Uncontrolled

(n=32) controlled n=62)
n=22)

Weight, kg 816 -56 -32 41
Body mass index. kg/m?* 303 =21 -12 =15
Systolic blood pressure, mmHg 1335 -134 -75 -73
Diastolic blood pressure, mmHg 863 -7 -39 -32
Total cholesterol, mg/dl_ (n) 2240 -232(31) -116 -11.6(61)
Low-density lipoprotein, mg/dL (n) 1353 -15431) -39 -116(61)
Triglycerides, mg/dL. (1) 159.4 -89(31) -17.7 -17.7(61)
Health-related quality of ife score, in points (7) 411 +9.6(31) +89 +97 (61)
“Unless otherwise stated.

“Values are based on calculated weighted averages of data provided i the primary articles.

“Controlled patients achieved urinary free cortisol (UFC) < upper imit of normal (ULN), partialy controlied patients had UFC > ULN but with >50% decrease from baseline, and
uncontrolied patients did not have UFC < ULI and who did not achieve >50% decrease from baseine. Regardliess of their status, all groups demonstrated tangible improvements in
blood pressure, weight, BMI, lipid profiles, and quality of life score.





OPS/images/fendo-09-00164-t002.jpg
Name Dose Route Mechanism  Efficacyto Responders  Tumorsize ~Side effects Comments
ofaction  normalize characteristics reduction
urine free
cortisol (%)
Pasieotide  600-900 g twice Subcutaneous  Agorist 3040 UFC<5xULN  25-80%  Glandbiliaryissues  Only crug approved
daily SSTRS > 2 Hyperglycemia forCD
Pasieotide  10-30mg Intramuscular 30-50  UFC <2xULN 10-20% QT prolongation
AR monthly
Cabergoline  0.5-6 mg weekly  Oral Dopamine 2540 Small subgroup NA  Hypotension Usually short-term
(in ivided doses) agonist (02) of corticotrophs Nausea response
adenomas Headache
expressing D2
receptor
Temozolomide  160-200mg/  Oral Methyation 8  Possbly patients 0 Glissues Aggressive
mi/day x5 days DNA withnegative  (stable)-60% Headache adenomas or
monthly MGMT mutation ~ formost  Dizziness carcinomas
patients; rarely Hearing loss
patients had
progressive
tumor growth
Roscovine  400mgtwice  Oral Inhibition NA  NA NA  Preiminary: Phase Il study
daily CDK/oyoln € Asthenia ongoing
Nausea
Vomiting
Hypokaliemia
Retinoicacid  80mg onceaday Oral Agorist 25 Absenceof NA  Mucosiis Based on smal
RAR COUP-TF1 Photosensitty studies
Hypertriglyceridemia
Gefiinb 250mgonce  Oral Inhibition NA  USPB-mutated NA  Skinreaction Phase Il study
aday EGFR adenomas Diarthea ongoing
Interstitial pneumonitis
siltinin To be determined  Tobe Inhibition NA NA NA  Minimal Animal studies only
determined  HSPOO

N/A, not available; HSP90, heat shock protein 90; USP8, ubiquitin-specific protease 8; EGFF, epidermal growth factor receptor; CDK, cyclin-dependant kinase; UFC, urinary free
cortisol: ULN, upper limit of normal: RAR, retinoic acid receptor: COUP-TF1, chicken ovalbumin upstream promoter transcription factor-1.





OPS/images/cover.jpg
frontiers
in Endocrinology

Pituitary-Directed Therapies for
Cushing’s Disease





OPS/images/fendo-09-00164-g001.jpg
+

w o

22033 Illllllll

\
]
.
Lo ]

EGFRR <« I

- 0 EE

s33381
(333353

Illlllllll
lllllllﬂl

- .






OPS/images/fendo-09-00164-g002.jpg
Month 12

Month 6

Month 3

B900pg  B600ug

>50

>20-50

>15-20

Baseline Urinary Free Cortisol (xULN)

s 10 15 2 25 30
Patients With Urinary Free Cortisol < ULN (%)

BAll Patients  0900pg B600ug.

°

10 20 30 40 50 60
Patients with Urinary Free Cortisol < ULN at month 6

35





OPS/images/logo.jpg
Ghesk for

i@





