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Abstract
Current medical treatment options in dogs with cortisol-secreting adrenocortical adenomas (ACAs) and
adrenocortical carcinomas (ACCs) are limited. Therefore, there is a strong need of new medical
therapies. Recently, sterol-O-acyl-transferase 1 (SOAT1) inhibitors Sandoz 58-035 (S035) and ATR-101
regained attention. By inhibiting SOAT1, free cholesterol and fatty acids accumulate, leading to
endoplasmic reticulum stress (ER-stress). ER-stress activates the unfolded protein response (UPR),
ultimately leading to apoptosis and thereby decreased steroidogenesis. Inhibition of SOAT1 could thus
be an interesting therapy option in dogs with cortisol-secreting adrenocortical tumors (ATs), but can
only be useful if canine ATs express SOAT1.
The aim of this study was to determine whether the use of SOAT1 inhibitors could have
potential in the treatment of canine ATs. Quantitative real-time polymerase chain reaction (RT-qPCR)
and immunohistochemistry (IHC) revealed SOAT1 expression at the mRNA and protein level in all ACAs
and ACCs. Expression did not significantly differ between the groups, although expression was more
variable in ACCs. After 24 hours, the cortisol concentration, determined by radioimmunoassay (RIA),
of ACTH-stimulated normal adrenocortical cells (n=4) incubated with mitotane or ATR-101 decreased.
The cortisol concentrations at the maximum compound concentration (100 M mitotane, 100 nM ATR101) were 32.9% ± 54.2 and 28.8% ± 31.2, respectively. S035 did not decrease the cortisol
concentration of ACTH-stimulated normal adrenocortical cells. The cortisol concentrations of mitotane
and ATR-101 incubated ACC cells (n=1) were decreased (8.5% and 65.5%, respectively). S035 did not
reduce the cortisol concentration of ACC cells. Mitotane and ATR-101 increased apoptosis of nonstimulated normal adrenocortical cells (n=2), determined by the Caspase-Glo® 3/7 Assay, with 476.0%
± 132.5 and 433.5% ± 19.7, respectively. S035 had little effect on apoptosis of normal adrenocortical
cells. In non-stimulated ACC cells (n=1), mitotane, S035 and ATR-101 increased apoptosis (842.7%,
372.8% and 571.0%, respectively). After 6 hours, the UPR seemed to be activated in mitotane
incubated non-stimulated and ACTH-stimulated ACC cells. The UPR was activated to some extent in
S035 and ATR-101 incubated non-stimulated and ACTH-stimulated ACC cells (n=1).
Current study has brought important preliminary data on SOAT1 inhibitors in dogs. It will serve
as a solid base for further studies about SOAT1 inhibitors in humans and dogs, which we are setting up
in cooperation with the Endocrine research group from the Medical Center from Würzburg, Germany.
Keywords: ATR-101, dogs, endoplasmic reticulum stress, mitotane, Sandoz 58-035, sterol-O-acyl
transferase 1, unfolded protein response.
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Abbreviations
ACA(s)

Adrenocortical adenoma(s)

ACC(s)

Adrenocortical carcinoma(s)

AT(s)

Adrenocortical tumor (s)

ATF4

Activating transcription factor 4

ATF6(n)

Activating transcription factor 6 (nucleus)

ACTH

Adrenocorticotropic hormone

BAX

BCl-2 associated X

BCl-2

B-cell lymphoma 2

BAK

BCl-2 homologous antagonist killer

Casp3

Caspase 3

CHOP

CCAAT/enhancer-binding protein homologous protein

CYP17

17α-hydroxylase

EDEM1

ER degradation enhancing α-mannosidase like protein 1

ERAD

ER-associated protein degradation

ERP72

ER protein 72

ER

Endoplasmic reticulum

ER-stress

Endoplasmic reticulum stress

(p)-eIF2α

(Phosphorylated) eukaryotic initiation factor 2α

GRP78

Glucose-regulated protein 78kDa

Herp

Homocysteine-induced endoplasmic reticulum protein

HERPUD1

Homocysteine inducible endoplasmic reticulum protein with ubiquitin like domain 1

IRE1

Inositol-requiring protein 1

NA(s)

Normal adrenal(s)

PERK

Protein kinase RNA (PKR)-like ER kinase

p58ipk

DnaJ heat shock protein family member C3

SCAP

SREBP cleavage activating protein

SOAT1/2

Sterol-O-acyl transferase 1/2

SREBF1/2

Sterol regulatory element-binding transcription factor 1/2

SREBP1/2

Sterol regulatory element-binding protein 1/2
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S035

Sandoz 58-035

s/uXBP1

Spliced/unspliced X-box binding protein 1

UPR

Unfolded protein response

zF

Zona fasciculata

zG

Zona glomerulosa

zR

Zona reticularis
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Chapter 1: Introduction
Paragraph 1.1: The adrenal glands
The bilateral adrenal glands are situated craniomedial to the corresponding kidneys and are composed
of the medulla, the cortex and a capsule. The enclosing mesenchymal capsule, consisting of fibroblasts
and myofibroblast, contains an arterial plexus. Arterials derived from the plexus, together with nerves,
travel to the underlying cortex via trabeculae. Underneath the capsule, the outermost zona of the
mesodermal cortex is localized: the zona glomerulosa (zG).1-4
The zG consists of small, lipid-poor cells arranged in clusters. The zG cells are responsible for
the production of mineralocorticoids (e.g. aldosterone) and cannot produce cortisol or androgens,
since zG cells lack 17α-hydroxylase activity. Secretion of aldosterone is influenced by the reninangiotensin system and potassium and influences blood pressure by regulating the amount of sodium
retention by the kidneys.1-4
Beneath the zG, a thick layer of lipid-rich cells arranged in columns, the zona fasciculata (zF), is
visible. The zF produces mainly glucocorticoids, but also a small number of androgens. In dogs, the end
product of the glucocorticoid pathway is cortisol. Cortisol affects metabolism, cardiovascular system
and immune system.1-4 The synthesis and release of cortisol is dependent on a negative feedback loop
involving adrenocorticotropic hormone (ACTH), secreted by the anterior lobe of the pituitary, and
corticotropin-releasing hormone, secreted by the hypothalamus. Corticotropin-releasing hormone
increases ACTH secretion resulting in increased cortisol secretion by the adrenals. Cortisol inhibits the
secretion of ACTH and corticotropin-releasing hormone: the hypothalamic-pituitary-adrenal axis.4
Lastly, the innermost zona, the zona reticularis (zR), contains columns of cells with granular
cytoplasm. The zR cells produce mainly androgens (e.g. androstenedione) and to a lesser extent
cortisol. Together, the zF and zR function as a single unit in the cortisol production.1-4
Adjacent to the zR lies the medulla, which contains epithelial cells surrounded by venous
sinusoids. The neuroectodermal cells of the medulla produce catecholamines (norepinephrine and
epinephrine).1-4

Paragraph 1.2: Cushing’s Syndrome
Cushing's syndrome (hypercortisolism) is one of the most common endocrinopathies in middle-aged
and older dogs. There is no gender or obvious breed predilection. Small breed dogs show a slight
predilection. About 80-85% of cases are ACTH-dependent, most often the result of excessive secretion
of ACTH by a pituitary corticotroph adenoma. In the remaining cases, hypercortisolism is ACTHindependent, the result of excessive secretion of glucocorticoids by an adrenocortical adenoma (ACA)
or an adrenocortical carcinoma (ACC).4
The clinical signs of dogs suffering from hypercortisolism are due to the actions of
glucocorticoids: increased gluconeogenesis, lipogenesis and protein breakdown. Possible clinical signs
are polyphagia, centripetal obesity, muscle atrophy, alopecia and skin atrophy, polyuria and
polydipsia.4,5 Other clinical signs may develop secondary due to mass-occupying effects of a pituitary
tumor or adrenocortical tumor (AT). A pituitary tumor may cause neurologic signs such as inappetence,
anorexia, stupor, circling, aimless wandering, pacing, ataxia and behavioral alterations. ACCs may
cause retroperitoneal hemorrhage, blood loss anemia and abdominal pain due to invasion of the
caudal vena cava, the phrenico abdominal vein or both. ACCs could also initiate the development of a
thrombus, subsequently leading to ascites or paresis.5
The diagnosis of hypercortisolism involves demonstration of an increased cortisol production
and decreased sensitivity to glucocorticoid feedback using the intravenous low-dose dexamethasone
suppression test or urinary corticoid to creatinine ratios combined with the high-dose dexamethasone
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suppression test. ACTH measurements and diagnostic imaging are additional techniques to
discriminate between ACTH-dependent or ACTH-independent hypercortisolism.4,5
ACTH-independent hypercortisolism is treated by adrenalectomy or medical therapy. When
there are no visible metastases and there is no extensive vascular invasion, surgically removing the
unilateral AT is the treatment of choice. Adrenalectomy is the treatment of choice, because the
unilateral AT will be removed and the clinical signs of hypercortisolism will resolve.4,6 However, surgery
is invasive and can only be performed at specialized institutions.7,8 The affected adrenal is usually
removed via a ventral midline or paracostal approach.8 Laparoscopic adrenalectomy is another method
to remove ATs, although less frequently performed.9 Advantages of laparoscopic adrenalectomy
compared to open adrenalectomy are lower perioperative death, shorter surgical time, shorter
hospitalization time and rapid discharge from the hospital after surgery.10 At the time of anesthesia,
substitution of cortisol is indicated, because the remaining adrenal is atrophic and not or almost not
producing cortisol. Subsequently, the dosage cortison acetate is decreased over a period of 6 till 8
weeks after surgery, after which the remaining adrenal is solely responsible for cortisol production. In
case of bilateral adrenalectomy, lifelong substitution of glucocorticoids, mineralocorticoids and salt is
indicated.6,8
In case of visible metastases, extensive vascular invasion, recurrence or incomplete removal of
an AT, hypercortisolism is managed medically.4,6 Currently, there are two types of drugs: the
adrenocorticolytic drug Lysodren® (mitotane) and the adrenocorticostatic drug Vetoryl® (trilostane).
Adrenocorticolytic drugs destroy adrenocortical cells, which is responsible for the steroidogenesis
reducing effect. Adrenocorticostatic drugs interfere with steroidogenesis, remaining adrenocortical
cells intact.4
The exact mechanism of action of the adrenocorticolytic drug mitotane is unknown and is
currently the focus of research.11 After and while mitotane therapy, substitution of glucocorticoids,
mineralocorticoids and salt is indicated, because adrenocortical (tumor) cells are (being) destroyed.1214
Mitotane causes extensive adverse effects in dogs. Symptoms of mitotane intoxication are, for
example, anorexia, vomiting, lethargy, weakness, diarrhea and ataxia.13-15 Therefore, the veterinarian
has to give clear instructions to the owners regarding recognizing and responding to intoxication signs.
In case of intoxication signs, mitotane therapy is discontinued, while substitution therapy is continued.
Mitotane is potentially toxic to humans and thus should not be administered to dogs living in
households in which there is a pregnant woman or are young children.4
The second medical treatment option is trilostane.4,6 Trilostane is a competitive inhibitor of
the 3β-hydroxysteroid dehydrogenase/isomerase system and 11β-hydroxylase. The 3β-hydroxysteroid
dehydrogenase/isomerase system and 11β-hydroxylase are important in catalyzing steroidogenic
reactions, ultimately resulting in the formation of aldosterone, cortisol and androstenedione.
Trilostane only inhibits steroid hormone synthesis, thereby improving clinical signs, but does not affect
tumor growth.16 Therefore, trilostane therapy is classified as palliative. In contrast to mitotane,
trilostane is usually well tolerated17, but there is a marked variation in the optimal dose. This obligates
regular check-ups and dose adjustments, in order to avoid trilostane overdose, which may potentially
lead to a life threatening cortisol and mineralocorticoid deficiency.12,16,18 Trilostane is not toxic to
humans and can thus be easily administered.16
In the light of the limitations of mitotane and trilostane, a new adrenal-specific, nontoxic and
AT destroying medical therapy is warranted.
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Paragraph 1.3: SOAT1 inhibition
Currently, research is focused on clarifying the mechanism of action of mitotane in order to develop
structurally related compounds. A tumor destroying medical therapy similar to mitotane, but with less
extensive side effects is warranted. Research into the mechanism of action of mitotane, revealed that
sterol-O-acyl-transferase 1 (SOAT1) inhibition is part of the mechanism of action of mitotane.11
SOAT, an enzyme localized in the endoplasmic reticulum (ER) membranes, also known as acylcoenzyme A: cholesterol O-acyltransferase, catalyzes the conversion of free cholesterol and fatty acids
to cholesteryl esters, using ATP and coenzyme A as cofactors. Cholesterol esters are visible as lipid
droplets in the adrenocortical cell: the storage form of cholesterol.19,20 Cholesterol esterification,
resulting in a decreased amount of free cholesterol, is very important, because free cholesterol is toxic
to (adrenocortical) cells.21
There are two types of SOAT: SOAT1 and SOAT2, encoded by the SOAT1 and SOAT2 genes.20
SOAT1 is expressed in almost every tissue. The adrenocortical SOAT1 expression is high, while SOAT2
is (almost) not expressed. SOAT2 is highly expressed in the intestines and liver.22
Cholesterol, stored in lipid droplets by the action of SOAT1, is the precursor molecule for
adrenal steroidogenesis. Hormone sensitive lipase deesterifies esterified cholesterol preceding
entering the mitochondria via steroidogenic acute regulatory protein.23,24 Within the mitochondria,
cholesterol is processed by cytochrome P450 side chain cleavage into pregnenolone. Via several
steroidogenic enzymes, pregnenolone is converted into aldosterone, cortisol and androstenedione:
the end products of adrenocortical steroidogenesis.25
Incubating the human adrenocortical cell line NCI-H295R and liver cancer cell line HepG2 with
mitotane, resulted in a time- and dose-dependent increase of free cholesterol and fatty acids and in a
decrease of cholesteryl esters in the human adrenocortical cell line NCI-H295R, but not in the human
liver cancer cell line HepG2.11 These results suggested that mitotane, specifically acting on
adrenocortical cells, is a SOAT1 inhibitor, because SOAT1 normally creates cholesteryl esters using free
cholesterol and fatty acids. Similar to mitotane, Sandoz 58-035 (S035), a compound that has been used
for years in order to specifically inhibit SOAT121, decreased cholesteryl esters and increased free
cholesterol in the NCI-H295R cell line.11 With SOAT1 inhibition being part of the mechanism of action
of mitotane, LaPensee et al. 2016 researched whether ATR-101 was capable of inhibiting SOAT1. ATR101 increased free cholesterol and decreased cholesteryl esters in the NCI-H295R cell line, indicating
that ATR-101 is a SOAT1 inhibitor (figure 1).26

Figure 1: Inhibition of sterol-O-acyl transferase 1 (SOAT1) by mitotane, Sandoz 58-035 (S035) and ATR-101. SOAT1 normally
esterifies free cholesterol into cholesteryl esters, which is the storage form of cholesterol in the adrenal gland. Inhibition of
SOAT1 by mitotane, S035 and ATR-101 leads to an increased level of toxic free cholesterol. Adapted from Sbiera et al. 2015
and LaPensee et al. 2016.11,26
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SOAT1 inhibitors mitotane, S035 and ATR-101 of course require their target enzyme SOAT1 in
order to increase free cholesterol levels. Sbiera et al. 2015 determined SOAT1 protein expression by
means of immunohistochemistry (IHC) in human ACAs, ACCs and metastases. SOAT1 protein
expression in ACAs was strong, while SOAT1 protein expression of ACCs was more variable. SOAT1
protein expression in metastases was low.11

Paragraph 1.4: ER-stress and the UPR
In order to understand the complete mechanism of action of mitotane, S035 and ATR-101, the role of
endoplasmic reticulum stress (ER-stress) and the unfolded protein response (UPR) first needs to be
elucidated.
The ER is a cell organelle that is important in protein synthesis, protein modification, lipid
metabolism and calcium storage. ER-stress is a condition characterized by the accumulation of
unfolded proteins in the ER lumen. In response to accumulation of proteins, the cell initiates the UPR.27
The UPR consists of two phases: the adaptive phase and the apoptotic phase.
In the adaptive phase, the UPR is responsible for reducing the number of polypeptides entering
the ER, increasing the expression of ER-chaperones that enhance protein folding, initiating a system to
eliminate misfolded proteins called ER-associated protein degradation (ERAD) and expanding the ER.
The goal of the adaptive phase is to restore ER homeostasis.27,28
ER-stress is sensed by three transmembrane signal transducers: activating transcription factor
6 (ATF6), inositol-requiring protein 1 (IRE1) and protein kinase RNA (PKR)-like ER kinase (PERK).27 The
luminal domain of ATF6 is bound to glucose-regulated protein 78kDa (GRP78). Upon ER-stress, GRP78
dissociates and ATF6 is transported to the Golgi Apparatus of the cell.29 Within the Golgi Apparatus,
ATF6 is cleaved by site-1 protease and site-2 protease.30 The resulting ATF6 nucleus (ATF6n) is now
able to enter the nucleus and functions like a transcription factor for ER-chaperon GRP78, ER-cochaperon DnaJ heat shock protein family member C3 (p58ipk), folding enzymes like ER protein 72
(ERP72) and ERAD component homocysteine-induced endoplasmic reticulum protein (Herp).31-33 In
addition, ATF6 is responsible for the transcription of unspliced X-box binding protein (uXBP1). After
uXBP1 transcription, IRE1 is able to splice uXBP1 mRNA (figure 2).34,35

Figure 2: The activating transcription factor 6 (ATF6) pathway
of the unfolded protein response. Upon accumulation of
unfolded proteins, glucose regulated protein 78 (GRP78)
dissociates and after cleavage of ATF6 in the Golgi Apparatus,
ATF6 nucleus (ATF6n) regulates the transcription of GRP78, ER
protein 72 (ERP72), homocysteine-induced endoplasmic
reticulum protein (Herp), DnaJ heat shock protein family
member C3 (p58ipk) and unspliced X-box binding protein 1
(uXBP1). Adapted from Ye et al. 2000, Yoshida et al. 2001,
Okada et al. 2002, Shen et al. 2002, Yamamoto et al. 2002,
Yoshida et al. 2003 and Adachi et al. 2008.29-35
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IRE1 becomes active upon GRP78 dissociation in response to unfolded proteins.36
Consequently, IRE1 gains RNase activity by auto phosphorylation. The RNase activity of IRE1 is
responsible for the splicing of uXBP1. Splicing involves deleting an intron of 26 nucleotides resulting in
spliced XBP1 (sXBP1).35,37,38 sXBP1 is a transcription factor which initiates the transcription of different
UPR target genes, for example GRP78 and ER degradation enhancing α-mannosidase like protein 1
(EDEM1) (figure 3).39 The transcription of EDEM1, an ERAD component, is solely dependent on sXBP134
and the transcription of GRP78 could also be induced by ATF6 (as described previously).

Figure 3: The inositol-requiring protein 1 (IRE1) pathway of the
unfolded protein response. Upon accumulation of unfolded
proteins, glucose regulated protein 78 (GRP78) dissociates and
IRE1 gains RNase activity in order to splice unspliced X-box
binding protein (uXBP1). The resulting spliced XBP1 (sXBP1)
regulates transcription of GRP78 and ER degradation enhancing
α-mannosidase like protein 1 (EDEM1). Adapted from Bertolotti
et al. 2000, Yoshida et al. 2001, Calfon et al. 2002, Lee et al.
2002, Lee et al. 2003 and Yoshida et al. 2003.34-39

GRP78 is normally, i.e. amongst non-ER-stress conditions, bounded to PERK. Upon ER-stress,
GRP78 dissociates from PERK.36 Via auto phosphorylation, PERK becomes active and phosphorylates
eukaryotic initiation factor 2 alpha (eIF2α) at serine 51. Phosphorylated eIF2α (p-eIF2α) decreases
protein synthesis and initiates transcription of activating transcription factor 4 (ATF4).40 ATF4 is
responsible for the select transcription of ER-chaperons and ERAD components. ATF4 also upregulates
the expression of genes involved in amino acid metabolism and redox control (figure 4).27,41

Figure 4: The protein kinase RNA (PKR)-like ER kinase (PERK)
pathway of the unfolded protein response. Upon
accumulation of unfolded proteins, glucose regulated protein
78 (GRP78) dissociates and PERK phosphorylates eukaryotic
initiation factor 2 alpha (eIF2α). Phosphorylated eIF2α (peIF2α) reduces protein translation and transcribes ATF4.
Adapted from Harding et al. 1999, Bertolotti et al. 2002,
Harding et al. 2003 and Brewer et al. 2014.27,36,40,41
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Despite the efforts of the UPR, homeostasis cannot always be restored, resulting in the
initiation of the apoptotic phase. ATF4 induces the transcription of CCAAT/enhancer-binding protein
homologous protein (CHOP).42-44 ATF6 could also induce the transcription of CHOP.32,45 CHOP decreases
B-cell lymphoma 2 (BCl-2) expression, thereby releasing several pro-apoptotic factors important for
the initiation of BCl-2 associated X/BCl-2 homologous antagonist killer (BAX/BAK) mediated
permeabilization of the mitochondrial membrane. Due to the permeabilization, cytochrome c is
released. Cytochrome c triggers caspase activation and apoptosis.27,46

Paragraph 1.5: SREBPs
In addition to ER-stress and the UPR, sterol regulatory element-binding transcription proteins (SREBPs)
might also play a role in the mechanism of action of SOAT1 inhibitors mitotane, S035 and ATR-101.
There are three SREBPs: SREBP1a, SREBP1c and SREBP2. The SREBPs are encoded by two
genes: sterol regulatory element-binding transcription factor 1 and 2 (SREBF1 and SREBF2). SREBPs are
transcription factors of enzymes involved in lipid and cholesterol synthesis. All SREBPs are inactive
transcription factors, which are, together with SREBP cleavage activating protein (SCAP), connected to
the ER membrane, forming the SREBP-SCAP complex. The SREBP-SCAP complex has a sterol-sensing
domain. If sterols, like cholesterol, are present, SREBP-SCAP interacts with insulin-induced protein 1
and 2. If the number of sterols decreases, insulin-induced proteins release and SCAP brings SREBP to
the Golgi Apparatus. Here, SREBP is cleaved by site-1 and site-2 proteases. The amino-terminus is then
able to enter the nucleus and functions like a transcription factor. SREBP1 activates genes involved in
lipid metabolism. SREBP2 activates genes involved in cholesterol metabolism (figure 5).47

Figure 5: The sterol regulatory element-binding transcription
protein (SREBP) and SREBP cleavage activating protein
(SCAP) complex. When the level of sterols decreases, the
SREBP-SCAP complex is released from the ER membrane. SCAP
brings SREBP to the Golgi Apparatus where it is cleaved. Its Nterminus functions like a transcription factor for genes
involved in cholesterol and lipid metabolism. Adapted from
Xiaoping et al. 2012.47

Paragraph 1.6: SOAT1 inhibitors’ mechanism of action
Current proposed mechanism of action of mitotane, S035 and ATR-101 is represented in figure 6.
Inhibition of SOAT1 results in an increase of free cholesterol and fatty acids. The increased amount of
free cholesterol causes ER-stress. ER-stress initiates the UPR, which ultimately leads to apoptosis.
Cortisol production decreases due to apoptosis, because less cells are left to produce cortisol. In
addition, downregulation of SREBF and SREBF-dependent genes could decrease cortisol production.
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Figure 6: Hypothesized mechanism of action of mitotane, Sandoz 58-035 (S035) and ATR-101. Mitotane, S035 and ATR-101
inhibit sterol-O-acyl transferase 1 (SOAT1), resulting in increased free cholesterol levels. Free cholesterol prevents the release
of sterol regulatory element-binding proteins (SREBPs), thereby inhibiting the transcription of genes involved in cholesterol
metabolism. In addition, free cholesterol causes endoplasmic reticulum stress (ER-stress). Unfolded proteins activate the three
pathways of the unfolded protein response (UPR). Whenever homeostasis cannot be restored, apoptosis is initiated resulting
in decreased cortisol production. ATF4 = activating transcription factor 4, ATF6(n) = activating transcription factor 6 (nucleus),
CHOP = CCAAT/enhancer-binding protein homologous protein, EDEM1 = ER degradation enhancing α-mannosidase like
protein 1, (p-)eIF2α = (phosphorylated) eukaryotic initiation factor 2 alpha, ERP72 = ER protein 72, GRP78 = glucose-regulated
protein 78, HERPUD1 = homocysteine inducible endoplasmic reticulum protein with ubiquitin like domain 1, IRE1 = inositolrequiring protein 1, PERK = protein kinase RNA (PKR)-like ER kinase, p58ipk = DnaJ heat shock protein family member C3, SCAP
= SREBP cleavage activating protein, sXBP1 = spliced X-box binding protein 1, uXBP1 = unspliced X-box binding protein 1.
Adapted from Brewer et al. 2014, LaPensee et al. 2016 and Sbiera et al. 2015.11,26,27

12

Chapter 2: Aim of the study
The aim of this study was to evaluate whether SOAT1 inhibitors S035 and ATR-101 could represent a
new medical therapy for canine cortisol-secreting ATs. Therefore, we first determined SOAT1 mRNA
and protein expression of NAs, ACAs, ACCs and metastases. Thereafter, we studied the effect of SOAT1
inhibitors in vitro. Adrenocortical cells cultures were incubated with various concentrations of SOAT1
inhibitors and we studied their effect on cortisol production, apoptosis and viability.
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Chapter 3: Materials and methods
Paragraph 3.1: SOAT1 expression
Paragraph 3.1.1: Animals and tissues
Healthy dogs and dogs with ACTH-independent hypercortisolism were incorporated in this study. The
normal adrenals (NAs) were obtained from 16 dogs which were euthanized for reasons unrelated to
this study. The median age was 691 days (inter quartile range (IQR) = 1024). The owners of the dogs
with ACTH-independent hypercortisolism gave permission to the use of the ATs and metastases for
research purposes. The ATs were obtained from 71 dogs with ACTH-independent hypercortisolism.
The metastases were obtained from three of these dogs. The median age at the time of adrenalectomy
was 3751 days (IQR = 861). Adrenalectomy was performed at the Department of Clinical Sciences of
Companion Animals of the Faculty of Veterinary Medicine, Utrecht University, the Netherlands. The
study was approved by the Ethical Committee of the Faculty of Veterinary Medicine.
Suspicion of hypercortisolism was based on history, physical examination and routine
laboratory findings. The diagnosis hypercortisolism was confirmed by a urinary corticoid: creatinine
ratio above 8.3 x 10-6 in two successive morning urine samples collected at home. After collection of
the second urine sample, three doses of 0.1 mg dexamethasone per kg body weight were administered
every 8 hours. The third urine sample was collected the following morning. When the urinary corticoid:
creatinine ratio of the third urine sample was suppressed by less than 50% of the mean of the first two
samples and basal plasma ACTH concentration was less than 15 ng/L, ACTH-independent
hypercortisolism was confirmed. The unilateral ATs were visualized using abdominal ultrasonography
or computed tomography.48
In addition to evaluating the SOAT1 protein expression in NAs, ACAs, ACCs and metastases, we
evaluated the SOAT1 protein expression in two pituitaries, which were obtained from two healthy
dogs.
Information about dog breeds and gender of the dogs of which the NAs, ACAs, ACCs and
metastases for RT-qPCR and IHC were obtained from, is presented in appendix 1 table 13 and 14,
respectively.
To test our anti-SOAT1-antibody, protein was isolated from one testis, one pituitary, one NA
and two ACCs. The ACCs were obtained from a 2541 days old castrated female Miniature Wirehaired
Dachshund and a 3254 days old castrated female Briard diagnosed with ACTH-independent
hypercortisolism as described previously. The dogs of which the testis, pituitary and NA were obtained
from were healthy.

Paragraph 3.1.2: Histopathology
ATs were characterized as ACAs or ACCs according to the histopathologic criteria of Labelle et al.
2004.49 Typical characteristics of an ACA were hematopoiesis, fibrin thrombi and cytoplasmic
vacuolization. Typical characteristics of an ACC were a size larger than 2 cm in diameter, peripheral
fibrosis, capsular invasion, trabecular growth pattern, hemorrhage, necrosis and single-cell necrosis.

Paragraph 3.1.3: RT-qPCR
RNA was isolated using RNeasy Mini Kit (QIAGEN, Venlo, the Netherlands) according to manufacturer’s
protocol and measured using Nanodrop 1000 (Isogen Life Science, Utrecht, the Netherlands) with
accessory program Nanodrop 1000 operating software v3.8.1. cDNA was synthesized using 1000 ng
RNA and the iScriptTM cDNA Synthesis Kit (Bio-Rad, Veenendaal, the Netherlands) and thermal cycler
Dyad Disciple Cycler (Bio-Rad) with accessory program MJ Research cycler v2.0. To correct for
differences in cDNA content, hypoxanthine-guanine phosphoribosyltransferase (HPRT), ribosomal
protein S5 (RPS5), succinate dehydrogenase complex subunit A (SDHA), signal recognition particle
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receptor (SRPR) and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase (YWHAZ) were used as
reference genes.50,51 iQTM SYBR Green Supermix (Bio-Rad) was used to detect RT-qPCR reactions
performed in a CFX384 TouchTM Real-Time PCR Detection System (Bio-Rad). Data were analyzed in CFX
ManagerTM software v3.1 (Bio-Rad) and processed according to the 2-ΔΔCt method.52

Paragraph 3.1.4: Western Blot
To determine the specificity of our polyclonal rabbit anti-SOAT1 antibody (orb100781, Biorbyt, Bioconnect BV, Huissen, the Netherlands) we performed a Western Blot. Protein samples were diluted to
2 µg/µL using milli Q (mQ). 2 µg/µL protein samples were 1:1 diluted using sample buffer and heated
at 95°C for 2 minutes. The protein samples and Precision Plus ProteinTM Standard dual color (Bio-Rad)
were loaded onto a 7.5% CriterionTM TGXTM Precast Gel (Bio-Rad). Gel electrophoresis (100-150V) was
performed using a CriterionTM Cell electrophoresis (Bio-Rad) until sufficient separation of the bands.
Blotting was performed in a Criterion™ Blotter (Bio-Rad) at 100 V for 1 hour. The membrane was
blocked using 4% ECL blocking solution (GE Healthcare, Amersham, United Kingdom) in Tris-buffered
saline 0.1% Tween (TBST0.1%) for 60 minutes and incubated with 1:100 diluted primary antibody in
4% bovine serum albumin (BSA) in TBST0.1% overnight. The next day, the membrane was washed three
times for 5 minutes in TBST0.1% after which the membrane was ready to be incubated with our
1:10000 diluted polyclonal anti-rabbit secondary horseradish peroxidase (HRP) labeled antibody (656120, Thermo Fisher Scientific, Breda, the Netherlands) for 60 minutes. The secondary antibody was
dissolved in 4% BSA in TBST0.1%. After washing three times for 5 minutes using TBST0.1%, the
membrane was placed on a copier sheet and incubated with ECL substrate solution (GE Healthcare).
ChemiDocTM (Bio-Rad) and Image Lab v5.1 were used to observe the results.

Paragraph 3.1.5: IHC
All tissues were fixed in 4% paraformaldehyde (PFA) for 24-48 hours and paraffin-embedded. NAs were
used as positive control tissue and colon, liver and muscle were used as negative control tissue. Pieces
of 5 µm were cut and mounted on SuperFrost plus microscope slides (Menzel-Gläser, Braunsweig,
Germany). The slides were deparaffinized and rehydrated in a series of xylene and ethanol. In order to
retrieve antigens, slides were treated with Tris-EDTA buffer in a water bath at 98°C for 15 minutes.
After cooling down, slides were incubated with 0.75% glycine in phosphate buffered saline (PBS) for
30 minutes to reduce background staining. Slides were rinsed with PBS for 10 minutes and with PBS
0.1% Tween for 5 minutes after which slides were incubated with 3% BSA in PBS 0.1% Tween to reduce
background staining. Slides were incubated with 1:150 diluted primary anti-SOAT1 antibody
(orb100781) or a negative rabbit IgG control (X0720, Vector laboratories, Burlingame, CA, USA) and
stored at 4°C overnight. The primary antibody and the negative IgG control were diluted in 3% BSA in
PBS 0.1% Tween. The next day, slides were rinsed with PBS 0.1% Tween four times for 10 minutes.
Endogenous peroxidases were blocked using 3% H2O2 in PBS 0.1% Tween after which slides were rinsed
with PBS 0.1% Tween three times for 5 minutes. HRP-labeled anti-rabbit secondary antibody (K4003,
DAKO, Agilent Technologies, Amstelveen, the Netherlands) was added for 1 hour. After rinsing with
PBS three times for 10 minutes, antibody was visualized with the diaminobenzidine (DAB) substrate kit
for peroxidase (K3468, DAKO, Agilent Technologies). A 1:4 diluted hematoxylin was used as a nuclear
counterstain. Slides were dehydrated in a series of ethanol and xylene. Cover slips were mounted using
Vectamount Mounting Medium (H-5000, Vector laboratories). A semi quantitative H-score for SOAT1
protein expression was calculated by multiplying the area of positive staining with the staining intensity
grading score (table 1). The microscope Olympus BX60 with a Leica DFC450 C digital camera (Leica
Microsystems B.V., Amsterdam, the Netherlands) and the accessory program Leica Application Suite
v4.7.1 (Leica Microsystems B.V.) were used to score the slides.
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Table 1: Semi quantitative H-score. A semi quantitative H-score was calculated as following. Slides showed different intensity
of staining throughout the slide. Therefore, the percentage of the slide showing a certain intensity was multiplied by the score.
In this way, the whole slide (100%) was scored. The total score was multiplied by the number coupled to the total percentage
of the slide that was stained. For example, a slide was stained for 50% very strongly positive, for 30% weakly positive and for
20% there was no staining. 80% of the whole slide was stained. This resulted in the following score: ((0.5x4)+(0.3x1)+(0.2x0))x4
=9.2.

0
1
2
3
4

H-score
No staining
Weakly positive
Mildly positive
Highly positive
Very strongly positive

% Area with positive staining
< 5% of the sample
5 - 25% of the sample
25 - 50% of the sample
50 – 75% of the sample
> 75% of the sample

0
1
2
3
4

Paragraph 3.1.6: Statistics
A statistical analysis of mRNA (fold change) and protein expression (H-score) of SOAT1 in NAs, ACAs
and ACCs was performed. Normality was analyzed with the Shapiro-Wilk test. Due to the non-normal
distribution of the samples, the Kruskal-Wallis test was used to check for differences between the
expression of SOAT1 at the mRNA and protein level in NAs, ACAs and ACCs. A p-value of <0.05 was
considered significant. Data are reported in median (IQR). IBM® SPSS® Statistics v24.0.0.1 was used to
analyze SOAT1 mRNA and protein expression data. The evaluation of SOAT1 protein expression in NAs,
ACAs, ACCs, metastases and pituitaries will also be descriptive.

Paragraph 3.2: In vitro studies
Paragraph 3.2.1: Animals
Healthy dogs and one dog with ACTH-independent hypercortisolism, diagnosed as described
previously (paragraph 3.1.1), were incorporated in this study. The 10 dogs of which the NAs were
obtained from were euthanized for reasons unrelated to this study. Two dogs were Beagles and eight
dogs were mixed breed dogs. Four dogs were intact females and the remaining six dogs were intact
males. The median age was 468 days (IQR = 87). The owners of the 4206 days old castrated female
Cairn Terrier with ACTH-independent hypercortisolism gave permission to the use of the AT for
research purposes. Adrenalectomy was performed at the Department of Clinical Sciences of
Companion Animals of the Faculty of Veterinary Medicine, Utrecht University, the Netherlands. The
AT was characterized as an ACC based on the criteria as described previously (paragraph 3.1.2). The
study was approved by the Ethical Committee of the Faculty of Veterinary Medicine. An overview of
which NA is used for which experiment and in which experiments the ACC was incorporated, is
presented in appendix 1 table 15.

Paragraph 3.2.2: Cell suspensions
NAs and the ACC were collected in ice-cold Hanks Balanced Salt Solution (HBSS; Gibco, Invitrogen,
Breda, the Netherlands) with 2% Penicillin-Streptomycin (P/S; Gibco). After removal of surrounding
tissues and medulla, the NAs were cut into pieces and digested in a collagenase solution (1 % D-(+)glucose monohydrate (Sigma-Aldrich, Zwijndrecht, the Netherlands), 0.2% BSA (Sigma-Aldrich), 0.75
mg DNAse (Sigma-Aldrich), 45 mg collagenase 1A (Sigma-Aldrich) and 1% P/S in Leibowitz L15 (Gibco))
in a CELLSTAR® T75 tissue culture flask (Greiner Bio-One, Alphen aan den Rijn, the Netherlands) for 6075 minutes at 37°C while shaking. Tumor tissue was selected and digested in the collagenase solution.
Every 15-20 minutes, the suspension was pipetted up and down using pipette tips with a wider and
smaller opening. After 60-75 minutes, the suspension was filtered through a 100 µm and a 70 µm
EASYstrainerTM (Greiner Bio-One) after which Leibowitz 15 containing 2% fetal calf serum (FCS; Gibco)
and 0.2% P/S was added 1:1. 3% BSA was added on the bottom of a tube after which the suspension
was centrifuged at 190 relative centrifugal force (RCF) at 40C for 10 minutes. The pellets were dissolved
in Leibowitz L15 with 10% FCS and 1% P/S and centrifuged again. The newly formed pellets were
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dissolved in adrenal medium (1% P/S, 1% Insulin-Transferrin-Selenium (Gibco), 0.125% BSA, 2.5% Nu
Serum (Corning, Amsterdam, the Netherlands) in Dulbecco’s Modified Eagle Medium F-12 (Gibco)).
Cells were diluted using 0.16% trypan blue (Gibco) to count cells. The cells were counted using a
Bürker-Türk counting chamber (W. Schreck, Hofheim/TS). Cells were seeded in Primaria™ 6-, 24- and
96-wells plates (Corning) and in a coated 12 Well Chamber, removable (Ibidi, Planegg, Germany) at a
density of 1.0 x 105 cells/mL. The protocol for coating chamber slides is described in paragraph 3.2.7.
The cells were left to attach for 4-7 days at 37°C in a humidified atmosphere of 95% air and 5% CO2,
after which the culture medium was refreshed before the cells were incubated with the compounds.

Paragraph 3.2.3: Compounds
Mitotane (25925-1G-F, Sigma-Aldrich) and S035 (S9318-5MG, Sigma-Aldrich) were dissolved in
dimethyl sulfoxide (DMSO; Merck KGaA, Darmstadt, Germany) at 30 mM. 10 µM ATR-101 in 96%
ethanol stock was a generous gift of Dr. Kroiss, University of Würzburg, Germany. Compounds were
diluted to desired compound concentrations while keeping DMSO and ethanol end concentrations at
a constant level of 0.33% and 0.96%, respectively. DMSO and ethanol were used as vehicle controls.
To mimic hypercortisolism, 100 nM synthetic ACTH [1-24] (Synacthen®, Sigma-Tau BV, Utrecht, the
Netherlands) was added.

Paragraph 3.2.4: Cortisol and protein measurements
Paragraph 3.2.4.1: Pilot studies
In our first pilot study, we incubated normal adrenocortical cells with 0 and 100 µM mitotane or S035
for 6 and 24 hours. Medium was removed for cortisol measurements. Cortisol concentrations were
determined using radioimmunoassay (RIA) according to Meijer et al. 1978.53 After medium removal,
cells were washed twice using PBS. Fresh PBS was added and cells were scraped using a cell scraper
(Greiner Bio-One). The obtained suspension was transferred to Eppendorf cups and stored at -20°C
(protein samples) or -70°C (lipid samples) until performing protein measurements and lipidomics.
The Quick StartTM Bradford Protein Assay (Bio-Rad) was performed according to
manufacturer’s protocol. The DTX 880 Multimode Detector (Beckman Coulter, Woerden, the
Netherlands) and accessory program Anthos Multimode Detectors v2.0.0.13 were used to measure
absorbance (595Ex).
The protocol for lipidomics is outlined in paragraph 3.2.6.
In our second pilot study, we wanted to determine concentration dependent effects of
mitotane, S035 and ATR-101. Normal adrenocortical cells were incubated with 0, 1, 2, 5, 10, 20, 50 and
100 nM ATR-101 or 0, 1, 2, 5, 10, 20, 50 and 100 µM mitotane or S035 for 6 hours. After 6 hours,
medium was collected for cortisol measurements and wells were washed twice using PBS. PBS was
added to the wells and the plates were stored at -20°C until the Quick StartTM Bradford Protein Assay
was performed.
Paragraph 3.2.4.2: Follow-up experiments
We incubated normal adrenocortical cells and ACC cells with 0, 1, 2, 5, 10, 20, 50 and 100 nM ATR-101
or 0, 1, 2, 5, 10, 20, 50 and 100 µM mitotane or S035 for 24 hours. After 24 hours, medium was
collected for cortisol measurements and wells were washed twice using PBS. PBS was added to the
wells and the plates were stored at -20°C until the Quick StartTM Bradford Protein Assay was performed.

Paragraph 3.2.5: Viability, cytotoxicity and apoptosis
Paragraph 3.2.5.1: ApoTox-GloTM Triplex Assay
To determine if the ApoTox-GloTM Triplex Assay (Promega, Leiden, the Netherlands) was a suitable test
to evaluate the effects of all three compounds on cell viability, cytotoxicity and apoptosis, we tested
the assay. We incubated normal adrenocortical cells with 0, 20, 50 and 100 µM mitotane for 24 hours.
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After 24 hours, the ApoTox-GloTM Triplex Assay was performed according to manufacturer’s protocol.
Fluorescence was measured by Infinite 200 (Tecan Life Sciences, Giessen, the Netherlands) and
accessory program Tecan I-control v.1.11.1.0. Fluorescence was measured at 400Ex/505Em (viability)
and at 485Ex/520Em (cytotoxicity). Luminescence (apoptosis) was measured by the DTX 880
Multimode Detector. An integration time of 1 second was used.
Because ATR-101 was dissolved in 96% ethanol, we wanted to study the effects of several
ethanol concentrations on normal adrenocortical cells. We incubated normal adrenocortical cells with
0.1, 0.25, 0.5, 1 and 2% ethanol for 24 hours. Normal adrenocortical cells incubated without ethanol
were used as a control.
Paragraph 3.2.5.2: Follow-up experiments
Regarding our follow-up experiments (alamarBlue® and Caspase-Glo® 3/7 assay), we incubated normal
adrenocortical cells with 0, 10, 20, 50 and 100 nM ATR-101 or 0, 10, 20, 50 and 100 µM mitotane or
S035 for 24 hours. In contrast to the normal adrenocortical cells, we performed the Caspase-Glo® 3/7
Assay in ACC cells incubated with 0, 50 and 100 nM ATR-101 or 0, 50 and 100 µM mitotane or S035.
The alamarBlue® Assay (Thermo Fisher Scientific) was performed identical to how the assay was
performed in normal adrenocortical cells.
After 22 hours, 10 μL alamarBlue® reagent was added per well and the cells were placed back
in the incubator. After 24 hours of incubation, fluorescence (535Ex/595Em) was measured using DTX
880 Multimode Detector after which the Caspase-Glo® Reagent was added. The cells were left at room
temperature for one hour, after which luminescence was measured using DTX 880 Multimode
Detector. An integration time of 1 second was used.

Paragraph 3.2.6: Lipidomics
Based on protein concentrations, determined by the Quick StartTM Bradford Protein Assay, we
determined the amount of sample containing 1 μg protein and consummated this volume to 800 μL
using PBS. Lipids were extracted according to Bligh and Dyer 195954 and separated in a neutral
(triacylglycerol, cholesteryl esters, retinols and cholesterol) and phospholipid fraction.55 The neutral
lipid fraction was dissolved in methanol/chloroform (1/1, v/v) and separated using a Kinetex/HALO C8e column (2.6 micron, 150 x 3.0 mm; Phenomenex, Utrecht, the Netherlands). A methanol/water (5/5,
v/v) to methanol/isopropanol (8/2, v/v) gradient was created at a constant flow rate of 0.6 ml/min.
High performance liquid chromatography (HPLC) was performed on a 1290 Infinity LC system (Agilent
Technologies) at 40°C. Massa spectrometry (MS) of neutral lipids was performed using atmospheric
pressure chemical ionization (APCI) on a Orbitrap Fusion (Thermo Fisher Scientific).56 Data were
analyzed using XCMS v1.52.0. Lipid extraction and HPLC-MS were performed at the Department of
Biochemistry and Cell Biology of the Faculty of Veterinary Medicine Utrecht, Utrecht University, the
Netherlands.

Paragraph 3.2.7: Fluorescent imaging of lipid droplets
We used 4,4-difluoro-2.3,5.6-bis-tetramethylene-4-bora-3a,4a-diaza-s-indacene (LD540) dye to stain
lipid droplets. We combined this dye with 4',6-diamidino-2-phenylindole (DAPI) nuclear staining. A 12
Well Chamber, removable (Ibidi) was coated with rat tail collagen type I (Ibidi) diluted in 17.5 mM
acetic acid at 5 μg/cm2 for at least 1 hour, after which the chamber slide was rinsed using DMEMF12
and was ready to be seeded with normal adrenocortical cells. The chamber slide was incubated with
0, 50 and 100 µM mitotane or S035 for 24 hours. After 24 hours, medium was removed and the cells
were fixed with 4% PFA at room temperature for 45 minutes. Thereafter, wells were quenched and
permeabilized using 20 mM ammonium chloride, 2% BSA, 5% normal goat serum and 0.1% Triton X100 in PBS. After 10 minutes, the solution was removed and replaced by 2% BSA. The chamber slide
was stored at 4ᵒC overnight. The next day, the chamber slide was washed twice for 5 minutes using
PBS. LD450 was diluted 1:1000 and DAPI 1:4000. Both dyes were diluted using PBS. The LD540 and
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DAPI staining were added and after 15 minutes of incubation the chamber slide was washed three
times for 5 minutes using PBS. Thereafter, mQ was added and the silicone gasket was removed. The
slide was mounted with FluorSave mounting medium (Merck Millipore, Amsterdam, the Netherlands)
and a coverslip. All these steps were performed in the dark. The microscope Olympus BX60 with a Leica
DFC450 C digital camera was used to observe the results.

Paragraph 3.2.8: RT-qPCR
The relative mRNA expressions of ATF4, BAX, BCl-2, caspase 3 (Casp3), CHOP, 17α-hydroxylase (CYP17),
EDEM1, ERP72, GRP78, homocysteine inducible endoplasmic reticulum protein with ubiquitin like
domain 1 (HERPUD1), p58ipk, SOAT1, steroidogenic factor 1 (SF1), SREBF1, SREBF2, sXBP1 and uXBP1
were determined using RT-qPCR. ACC cells were incubated with 0 and 100 nM ATR-101 or 0 and 100
μM mitotane or S035 for 6 and 24 hours. RT-qPCR was performed as described in paragraph 3.1.3. 250
or 500 ng RNA was used to synthesize cDNA and ribosomal protein S19 (RPS19), SDHA, SRPR and
YWHAZ were used as reference genes.
Paragraph 3.2.8.1: Primers
The mRNA sequences of genes of interest were obtained from National Center for Biotechnology
Information (NCBI) GenBank database. Primers were designed using Perl-primer software v1.1.21
according the parameters in the Bio-Rad iCycler manual. PCR-products of the primer pairs were
checked
for
secondary
structure
formation
with
mfold
web
server
v3.6
(http://unafold.rna.albany.edu/?q=mfold). It was checked if our selected primer pair yielded only our
gene of interest using NCBI primer Basic Local Alignment Search Tool (BLAST)
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). Primers were ordered from Eurogentec (Seraing, Belgium).
Normal adrenocortical cells were incubated with 0, 12.5, 25, 50 and 100 µM mitotane for 24 hours to
induce ER-stress. RNA was isolated, cDNA was synthesized and RT-qPCR was performed as described
previously (paragraph 3.1.3), although this time 500 ng RNA was used to synthesize cDNA. Reactions
of each primer set were optimized by performing the reactions under gradually increasing annealing
temperatures (56-66˚C). Primer specificity was confirmed by melting curve analysis, electrophoresis
and product sequencing. CFX ManagerTM v3.1 (Bio-Rad) was used to analyze the melting curve. Primer
pairs with an efficiency of 95-105% and a R2 > 0.99 were deemed appropriate. To visualize our PCRproducts on gel electrophoresis, loading dye (Promega) was added to our PCR-products. A 100 bp DNA
ladder (Promega) and Gel Doc 2000 (Bio-Rad) with accessory program Quantity One v4.3.0 (Bio-Rad)
were used to evaluate product sizes. The PCR-products were purified using Shrimp alkaline
phosphatase/Exonuclease I (New England Biolabs® Inc, Leiden, the Netherlands) in a C1000 Touch™
Thermal Cycler (Bio-Rad). Purified PCR-products were amplified with the BigDye® Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) in a GeneAmp® PCR system 9700
(Applied Biosystems). Amplified PCR-products were filtered on a Sephadex G-50 Superfine (GE
Healthcare, Amersham, United Kingdom) loaded MultiScreenHTS HV Filter Plate (Merck Millipore,
Amsterdam, the Netherlands) in a MicroAmp® Optical 96-wells reaction plate (Applied Biosystems)
and sequenced using the ABI Prism 3100 Genetic Analyzer (Applied Biosystems) with accessory
program 3130 Series Data Collection Software v4. The sequencing data were compared to the NCBI
database using BLAST. All primer sequences, annealing temperatures (Ta), accession numbers and
product lengths are presented in appendix 3 table 16.
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Paragraph 3.2.9: Western Blot
To evaluate the protein expression of the UPR components, we determined the specificity of
antibodies against eIF2α, p-eIF2α, CHOP and ATF6. We incubated normal adrenocortical cells with 0,
10, 20, 50 and 100 µM mitotane for 24 hours to induce ER-stress. Protein was isolated from the normal
adrenocortical cells and from normal adrenocortical cells incubated with mitotane. Western Blot was
performed as described previously (paragraph 3.1.4). A 12% CriterionTM TGXTM Precast Gel (Bio-Rad)
was used. Detailed information about our antibodies and used dilutions is presented in table 2.
Table 2: Western Blot antibodies. ATF6 = activating transcription factor 6, CHOP = CCAAT/enhancer-binding protein
homologous protein, (p-)eIF2α = (phosphorylated) eukaryotic initiation factor 2 alpha.

Antibody

Source

Anti-ATF6

Product number

Dilution

Mouse monoclonal Novus Biologicals,
antibody
Abdingdon, United
Kingdom
Mouse monoclonal Cell Signaling, Leiden,
antibody
the Netherlands

NBP1-40256

1:1500

2895

1:500

Anti-eIF2α

Rabbit monoclonal Cell Signaling
antibody

5324

1:1000

Anti-p-eIF2α

Rabbit
polyclonal Cell Signaling
antibody

9721

1:600

HRP labeled
anti-mouse

Goat polyclonal IgG

HAF007

1:20000

HRP labeled
anti-rabbit

Goat polyclonal IgG

65-6120

1:20000

Anti-CHOP

Company

R&D Systems,
Abdingdon, United
Kingdom
Thermo Fisher Scientific

Paragraph 3.2.10: Statistics
Statistics were performed in our follow-up studies of cortisol and viability. Normality was checked
using Shapiro-Wilk test. Due to the non-normal distribution of the follow-up cortisol samples, the
Friedman test was used to check for differences between cortisol production at different compound
concentrations. A p-value of <0.05 was considered significant. Post hoc analysis with Wilcoxon signedrank tests was conducted with a Bonferroni correction applied, resulting in a significance level set at p
<0.007. The follow-up viability data were normally distributed. Therefore, the One-Way ANOVA was
used to check for differences between viability at different compound concentrations. A p-value of
<0.05 was considered significant. Data are reported relative to the DMSO (mitotane and S035) or
ethanol (ATR-101) control in mean ± standard deviation. The principal component analysis was used
in our lipidomic study.
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Chapter 4: Results
Paragraph 4.1: SOAT1 expression
Paragraph 4.1.1: Western Blot
To immunohistochemically evaluate the SOAT1
protein expression, we tested an anti-SOAT1antibody. Protein expression of SOAT1 (55 kDa)
was present in all tissues tested. However, in the
pituitary several proteins did cross react.
SOAT1 protein expression was the
strongest in the pituitary, followed by the testis
and the NA. In the ACCs SOAT1 protein
expression was very low (figure 7).

Figure 7: Western Blot of sterol-O-acyl transferase 1
(SOAT1). SOAT1 protein (55 kDa) was present in all tissues
tested. The expression of SOAT1 protein was the strongest
in the pituitary, followed by the testis, normal adrenal (NA)
and adrenocortical carcinomas (ACCs), respectively.

Paragraph 4.1.2: SOAT1 mRNA and protein expression
SOAT1 mRNA was detectable with RT-qPCR in all NAs, ACAs and ACCs tested. Expression was more
variable in ACCs. Median fold changes were 1.1 (IQR = 0.5), 1.2 (IQR = 1.0) and 1.6 (IQR = 1.4),
respectively. No significant differences (p = 0.077) were found between NAs, ACAs and ACCs (figure 8).
The median fold change of SOAT1 mRNA expression in metastases was 0.8 (IQR = 0.7).

Figure 8: Sterol-O-acyl transferase 1 (SOAT1) mRNA expression. Expression of SOAT1 mRNA in normal adrenals (NAs),
adrenocortical adenomas (ACAs) and adrenocortical carcinomas (ACCs). The SOAT1 mRNA expression was more variable in
ACCs. No significant difference was found between NAs, ACAs and ACCs.
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SOAT1 protein was detectable with IHC in all NAs, ACAs and ACCs (figure 9). In NAs, SOAT1
protein expression was present in all zones. The medulla stained negative. Some nonspecific staining
was observed in the capsule (figure 10 and 11). ACAs and ACCs were characterized by heterogeneous
SOAT1 protein expression (figure 12 and 13). The ACCs showed more variable expression and three
ACCs had low to absent SOAT1 protein expression (H-score lower than one). To illustrate the variable
SOAT1 protein expression of ACCs, two ACCs with a high and low H-score are presented in figure 13.
Median H-scores of NAs, ACAs and ACCs were 5.8 (IQR = 3.5), 5.2 (IQR = 2.4) and 5.3 (IQR = 5.8),
respectively. No significant differences (p = 0.927) were found in protein expression between NAs,
ACAs and ACCs.
The SOAT1 protein expression of metastases was heterogeneous. One part of the liver
metastasis stained stronger than the other part (figure 14). The H-score of SOAT1 protein expression
in the liver metastasis was 5.0. The H-score of SOAT1 protein expression in the lung metastasis was 3.6
(figure 15).
Additional histologic pictures of NAs, ACAs and ACCs with variating SOAT1 expression are
presented in appendix 2.

Figure 9: Sterol-O-acyl transferase 1 (SOAT1) protein expression. Expression of SOAT1 protein in normal adrenals (NAs),
adrenocortical adenomas (ACAs) and adrenocortical carcinomas (ACCs). The SOAT1 protein expression was more variable in
ACCs. No significant difference was found between NAs, ACAs and ACCs.
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Figure 10: Sterol-O-acyl transferase 1 (SOAT1) protein expression of a normal adrenal (NA). A NA with an H-score of 6.4.
SOAT1 protein was expressed in all zones. A = capsule, B = zona glomerulosa, C = zona fasciculata, D = zona reticularis, E =
medulla. Scale bar represents 200 μM.
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Figure 11: Sterol-O-acyl transferase 1 (SOAT1) protein expression in the different zones of a normal adrenal (NA). A NA
with an H-score of 6.4. SOAT1 protein expression in the zona glomerulosa (zG), zona fasciculata (zF) and zona reticularis (zR)
was comparable. A = zG and capsule (asterisk), B = zG and capsule, C = zF, D = zF, E = zR and medulla (arrow), F = zR and
medulla. Scale bar represents 100 μM (A, C and E) or 50 μM (B, D and F).
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Figure 12: Sterol-O-acyl transferase 1 (SOAT1) protein expression in an adrenocortical adenoma (ACA). An ACA with an Hscore of 7.4. In A, B and C normal zona glomerulosa is represented (asterisk). In D, E and F a lobulated pattern (arrow) with
vascularization (plus) is represented. Scale bar represents 200 μM (A and D), 100 μM (B and E) and 50 μM (C and F).
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Figure 13: Sterol-O-acyl transferase 1 (SOAT1) protein expression in two adrenocortical carcinomas (ACCs). Pictures on
the left (A, B and C) represent SOAT1 protein expression of an ACC with an H-score of 0.2. Pictures on the right (D, E and F)
represent SOAT1 protein expression of an ACC with an H-score of 9.4. This ACC showed a lobulated pattern (asterisk) with
intense vascularization (arrow). Scale bar represents 200 μM (A and D), 100 μM (B and E) and 50 μM (C and F).
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Figure 14: Sterol-O-acyl transferase 1 (SOAT1) protein expression in a liver metastasis. The H-score of SOAT1 protein
expression in the liver metastasis was 5.0. Part of the liver metastasis stained stronger (A and B) compared to the other part
(C and D). Scale bar represents 200 μM (A and C) or 100 μM (B and D).

Figure 15: Sterol-O-acyl transferase 1 (SOAT1) protein expression in lung metastases. The H-score of SOAT1 protein
expression in the lung metastases was 3.6. Scale bar represents 200 μM (A and C) or 100 μM (B and D).
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Expression of SOAT1 protein in pituitaries was variable. One pituitary showed more staining
for SOAT1 in comparison to the other pituitary. The pars distalis, pars intermedia and pars nervosa
stained in both pituitaries, suggesting SOAT1 protein expression in all three zones, although differing
between individuals (figure 16).

Figure 16: Different sterol-O-acyl transferase 1 (SOAT1) protein expression in the pituitary. One pituitary (A) showed
stronger SOAT1 protein expression in comparison to the other pituiatry (B). 1 = pars distalis, 2 = pars intermedia, 3 = pars
nervosa. Scale bar represents 100 μM.

Paragraph 4.2: In vitro studies
Paragraph 4.2.1: Cortisol concentration
Paragraph 4.2.1.1: Pilot studies
Pilot study 1
Mitotane (100 μM) increased the cortisol concentration of non-stimulated normal adrenocortical cells
after 6 hours (159.7%) and 24 hours (160.2%). S035 (100 μM) decreased the cortisol concentration of
non-stimulated normal adrenocortical cells after 6 hours (79.7%). After 24 hours, S035 increased the
cortisol concentration of non-stimulated normal adrenocortical cells (243.0%) (figure 17A and 18A).
Mitotane decreased the cortisol concentration of ACTH-stimulated normal adrenocortical cells
after 6 and 24 hours (45.9% and 13.6%, respectively). S035 did not affect the cortisol concentration of
ACTH-stimulated normal adrenocortical cells after 6 hours (99.1%). S035 decreased the cortisol
concentration of ACTH-stimulated normal adrenocortical cells after 24 hours (72.3%) (figure 17B and
18B).
These results suggested that both compounds can decrease cortisol concentration when
hypercortisolism was induced. Mitotane induced a stronger cortisol-decreasing effect.
Absolute data of the cortisol concentration and the number of proteins is presented in
appendix 4.1.
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Figure 17: Effects of mitotane and Sandoz 58-035 (S035) on the cortisol concentration of non-stimulated (A) and ACTHstimulated (B) normal adrenocortical cells (n=1) after 6 hours.
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Figure 18: Effects of mitotane and Sandoz 58-035 (S035) on the cortisol concentration of non-stimulated (A) and ACTHstimulated (B) normal adrenocortical cells (n=1) after 24 hours.

Pilot study 2
After 6 hours, the cortisol concentration of non-stimulated normal adrenocortical cells incubated with
mitotane fluctuated around the control level (100%) (figure 19A). At some compound concentrations,
the cortisol concentration was decreased, for example at the 20 µM concentration (70.6% ± 37.9) the
lowest cortisol concentration was observed. At the highest compound concentration, the cortisol
concentration was increased the most (133.9% ± 73.7). Mitotane decreased the number of proteins at
higher compound concentrations (appendix 4.2 figure 47A). The cortisol concentration of nonstimulated normal adrenocortical cells incubated with S035 always remained beneath the control
level, with the lowest cortisol concentration at the 10 µM concentration (61.9% ± 2.1), after which an
increase to 94.7% ± 28.0 at the highest compound concentration was observed (figure 19A). No
obvious effect on the number of proteins was observed (appendix 4.2 figure 47A). ATR-101 increased
the cortisol concentration with a maximal production of 402.6% ± 194.2 at the 100 nM concentration
(figure 19A). ATR-101 did not obviously affect the number of proteins (appendix 4.2 figure 47A).
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The cortisol concentration of the ACTH-stimulated normal adrenocortical cells incubated with
mitotane initially increased, after which a decrease to 64.1% ± 23.6 at the 50 µM concentration was
observed (figure 19B). At the highest concentration, the cortisol concentration increased (82.7% ±
23.0). Mitotane decreased the number of proteins at higher compound concentrations (appendix 4.2
figure 47B). The cortisol concentration of cells incubated with S035 increased to 205.8% ± 6.4 at the
100 µM concentration (figure 19B). ATR-101 decreased the cortisol concentration with a minimal
production of 38.8% ± 21.8 at the highest concentration (figure 19B). S035 and ATR-101 had little effect
on the number of proteins (appendix 4.2 figure 47B).
Absolute data of the cortisol concentration and the number of proteins is presented in
appendix 4.2.
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Absolute cortisol concentrations in our pilot studies at 6 hours were generally low (appendix
4.1 figure 40). In addition, the cortisol inhibiting effects of mitotane and S035 in ACTH-stimulated
normal adrenocortical cells were more obvious after 24 hours of incubation (figure 18). Therefore, we
decided to incubate normal adrenocortical cells and ACC cells for 24 hours in our follow-up cortisol
experiments. In addition, a serial dilution gave better insight into the concentration dependent effects
of our compounds on the cortisol concentration.
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Figure 19: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on the cortisol concentration of non-stimulated (A) and
ACTH-stimulated (B) normal adrenocortical cells (n=2) after 6 hours.

Paragraph 4.2.1.2: Follow-up experiments
After 24 hours, the cortisol concentration of mitotane incubated non-stimulated normal
adrenocortical cells fluctuated around the 200%. The cortisol concentration was maximal at the highest
compound concentration (282.0% ± 149.3) (figure 20A). Mitotane decreased the number of proteins
at higher compound concentrations (appendix 4.3 figure 50A). S035 increased the cortisol
concentration with increasing compound concentrations. The cortisol concentration was maximal at
the highest compound concentration (210.8% ± 59.7) (figure 20A). S035 did not affect the number of
proteins (appendix 4.3 figure 50A). ATR-101 increased the cortisol concentration to 593.1% ± 226.7 at
the maximal compound concentration (figure 20A). ATR-101 decreased the number of proteins at
higher compound concentrations (appendix 4.3 figure 50A). Statistics revealed no significant
differences in cortisol concentrations at different compound concentrations (table 3).
Mitotane initially concentration dependently decreased the cortisol concentration of ACTHstimulated normal adrenocortical cells to 10.3% ± 12.4 at the 50 μM concentration, after which an

30

increase to 32.9% ± 54.2 at the maximum compound concentration was observed (figure 20B).
Mitotane decreased the number of proteins at higher compound concentrations (appendix 4.3 figure
50B). The cortisol production of S035 incubated ACTH-stimulated normal adrenocortical cells
fluctuated between the 100 and 150%. The highest cortisol concentration was reached at the 5 μM
concentration (142.2% ± 81.9) (figure 20B). S035 had no obvious effect on the number of proteins
(appendix 4.3 figure 50B). The cortisol concentration of ATR-101 incubated cells initially fluctuated
around control level (100%), after which a decrease to 21.6% ± 20.6 at the 50 nM concentration was
observed (figure 20B). At the maximal compound concentration, the cortisol concentration slightly
increased (28.8% ± 31.2). ATR-101 decreased the number of proteins at higher compound
concentrations (appendix 4.3 figure 50B). Statistics revealed no significant differences in cortisol
concentrations at different compound concentrations (table 3).
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Absolute data of the cortisol concentration and the number of proteins is presented in
appendix 4.3.
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Figure 20: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on the cortisol concentration of non-stimulated (A) and
ACTH-stimulated (B) normal adrenocortical cells (n=4) after 24 hours.
Table 3: Statistics of cortisol concentrations. No significant differences were observed between the cortisol concentrations of
non-stimulated and ACTH-stimulated normal adrenocortical cells (n=4) at different compound concentrations.
Friedman
test pvalue
Nonstimulated

ACTHstimulated

Mitotane:
p=0.139
S035:
p=0.070
ATR-101:
p=0.006
Mitotane:
p=0.005
S035:
p=0.921
ATR-101:
p=0.001

Wilcoxon Signed Rank Test p-values (before and after applying Bonferroni correction)
Control –
1 nM/μM
N/a

Control –
2 nM/μM
N/a

Control –
5 nM/μM
N/a

Control –
10 nM/μM
N/a

Control –
20 nM/μM
N/a

Control –
50 nM/μM
N/a

Control –
100 nM/μM
N/a

N/a

N/a

N/a

N/a

N/a

N/a

N/a

p = 0.068 
p = 0.476
p = 0.144 
p = 1.008
N/a

p = 0.465 
p = 3.255
p = 0.068 
p = 0.476
N/a

p = 0.465 
p = 3.255
p = 0.068 
p = 0.476
N/a

p = 0.068 
p = 0.476
p = 0.068 
p = 0.476
N/a

p = 0.068 
p = 0.476
p = 0.068 
p = 0.476
N/a

p = 0.068 
p = 0.476
p = 0.068 
p = 0.476
N/a

p = 0.068 
p = 0.476
p = 0.144 
p = 1.008
N/a

p = 0.465 
p = 3.255

p = 0.273 
p = 1.911

p = 0.715 
p = 5.005

p = 0.068 
p = 0.476

p = 0.068 
p = 0.476

p = 0.068 
p = 0.476

p = 0.068 
p = 0.476

Mitotane increased the cortisol concentration of the non-stimulated ACC cells to 698.1% at the
5 μM concentration, after which the cortisol concentration fluctuated around the 500%. The cortisol
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concentration was the lowest at the highest compound concentration (357.4%) (figure 21A). S035
increased the cortisol concentration to 1056.7% at the 50 μM concentration, after which a decrease
to 709.1% at the 100 μM concentration was observed (figure 21A). ATR-101 increased the cortisol
concentration to 3247.8% at the 10 nM concentration, after which a decrease to 1640.1% at the 100
nM concentration was observed (figure 21A).
In ACTH-stimulated ACC cells, mitotane decreased the cortisol concentration to 8.5% at the
maximal compound concentration (figure 21B). The cortisol concentration of S035 incubated ACC cells
fluctuated around control level (100%) (figure 21B). ATR-101 initially increased the cortisol
concentration to 138.1% at the 10 nM concentration, after which the cortisol concentration decreased
to 7.1% at the 50 nM concentration. At the maximal compound concentration, the cortisol
concentration increased (65.5%) (figure 21B).
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No effect of mitotane, S035 and ATR-101 on the number of proteins was observed (appendix
4.3 figure 53). Absolute data of the cortisol concentration is presented in appendix 4.3.
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Figure 21: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on the cortisol concentration of non-stimulated (A) and
ACTH-stimulated (B) adrenocortical carcinoma (ACC) cells (n=1) after 24 hours.

Paragraph 4.2.2: Viability, cytotoxicity and apoptosis
Paragraph 4.4.2.1: ApoTox-GloTM Triplex Assay
After an initial slight increase, viability of the non-stimulated and ACTH-stimulated normal
adrenocortical cells incubated with increasing mitotane concentrations decreased to 13.5% and 14.2%
at the 100 μM concentration, respectively. Surprisingly, cytotoxicity of the non-stimulated and ACTHstimulated normal adrenocortical cells ultimately decreased to 37.9% and 56.1% at the 100 μM
concentration, respectively. Apoptosis of the non-stimulated and ACTH-stimulated normal
adrenocortical cells increased to 413% and 352.9% at the 100 μM concentration, respectively (figure
22A and B). Because apoptosis increased, we expected viability to decrease and cytotoxicity to increase
or stay constant. However, this was not the case. An explanation could be that the cytotoxic effect of
mitotane occurs early after incubation. The dead cell proteases (e.g. Tripeptidyl peptidase II), which
are released from cells losing membrane integrity, could have a short half life time. Since the assay
relies on the measurement of these proteases, the possible early cytotoxic effect could lead to
underestimation of cytotoxicity.57,58 This made the ApoTox-GloTM Triplex Assay unsuitable for
measuring effects of our compounds on cytotoxicity after 24 hours. Absolute data are presented in
appendix 4.4 figure 55.
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Figure 22: Effects of mitotane on viability, cytotoxicity and apoptosis of non-stimulated (A) and ACTH-stimulated (B) normal
adrenocortical cells (n=1) after 24 hours measured by the ApoTox-GloTM Triplex Assay. RFU = relative fluorescence units,
RLU = relative luminescence units.
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As depicted in figure 23, increasing ethanol concentrations seemed to have little effect on cell
viability, cytotoxicity or apoptosis. Based on this result, we concluded that 0.96% ethanol was not
harmful to our cells, and we could thus use a maximal ATR-101 concentration of 100 nM. Absolute
data are presented in appendix 4.4 figure 56.
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Figure 23: Effects of ethanol on viability, cytotoxicity and apoptosis of non-stimulated (A) and ACTH-stimulated (B) normal
adrenocortical cells (n=1) after 24 hours measured by the ApoTox-GloTM Triplex Assay. RFU = relative fluorescence units,
RLU = relative luminescence units.

Paragraph 4.4.2.2: Follow-up experiments
Although the ApoTox-GloTM Triplex Assay was unsuitable to determine effects on cytotoxicity, it was
capable to determine effects of mitotane on apoptosis. We decided to measure apoptosis using the
Caspase-Glo® 3/7 assay, which was the component of the ApoTox-GloTM Triplex Assay that was used
for measurements of apoptosis, and to measure the cell viability using the alamarBlue® Assay.
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Apoptosis
Apoptosis was measured using the Caspase-Glo® 3/7 assay. Mitotane increased apoptosis of nonstimulated normal adrenocortical cells to a maximum of 476.0% ± 132.5. S035 had little effect on
apoptosis. Similar to mitotane, ATR-101 increased apoptosis to 433.5% ± 19.7 (figure 24A).
In the non-stimulated ACC cells, mitotane increased apoptosis with 842.7% ± 265.2, ATR-101
with 571.0% ± 1.0 and S035 with 372.8% ± 188.9 (figure 24B).
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Absolute data are presented in appendix 4.5.
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Figure 24: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on apoptosis of non-stimulated normal adrenocortical
cells (n=2) (A) and non-stimulated adrenocortical carcinoma (ACC) cells (n=1) (B) after 24 hours. RLU = relative luminescence
units.

Viability
Viability was measured using the alamarBlue® Assay. Viability of non-stimulated normal adrenocortical
cells incubated with mitotane decreased with higher compound concentrations. Minimal viability was
observed at the 100 μM concentration (51.2% ± 22.0) (figure 25A). Increasing apoptosis was thus
accompanied by decreasing viability. S035 dose-dependently increased viability of non-stimulated
normal adrenocortical cells with a maximal viability at the 100 μM concentration (131.4% ± 2.4) (figure
25A). ATR-101 initially increased viability to 194.2% ± 23.6 at the 50 nM concentration. At the highest
compound concentration (100 nM), viability decreased (148.4% ± 56.2) (figure 25A). The increased
viability is in contradiction with increased apoptosis (figure 24A).
Viability of ACTH-stimulated normal adrenocortical cells incubated with mitotane decreased
with increasing compound concentrations. Minimal viability of 50.4% ± 27.5 was reached at the highest
compound concentration (100 μM) (figure 25B). S035 increased viability with increasing compound
concentrations. Maximal viability of 126.0% ± 19.5 was reached at 100 μM concentration (figure 25B).
ATR-101 increased viability to 157.4% ± 42.0 at the 50 nM concentration. Thereafter, viability
decreased to 126.2% ± 28.2 at the 100 nM concentration (figure 25B).
Statistics revealed no significant difference in viability at different compound concentrations
(table 4).
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Figure 25: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on the viability of non-stimulated (A) and ACTHstimulated (B) normal adrenocortical cells (n=4) after 24 hours. RFU = relative fluorescence units.
Table 4: Statistics of viability. Statistics revealed no significant difference in viability of non-stimulated and ACTH-stimulated
normal adrenocortical cells (n=4) at different compound concentrations.
One-Way ANOVA p-value
Nonstimulated
ACTHstimulated

Mitotane: p = 0.843
S035: p = 0.974
ATR-101: p = 0.657
Mitotane: p = 0.894
S035: p = 0.973
ATR-101: p = 0.925

In the ACC cells, mitotane decreased viability with increasing compound concentrations to
11.7% (non-stimulated) and 13.6% (ACTH-stimulated) (figure 26). Increasing apoptosis was thus
accompanied by decreasing viability (figure 24B). S035 increased viability of the ACC cells to 202.7%
(non-stimulated) and 193.5% (ACTH-stimulated) at the 50 μM concentration. At the 100 μM
concentration, a slight decrease was observed in the ACTH-stimulated ACC cells (166.9%), but not in
the non-stimulated ACC cells (189.6%) (figure 26). Despite increasing apoptosis (figure 24B), viability
did increase. In non-stimulated ACC cells, ATR-101 initially increased viability (20 nM: 163.2%), after
which a decrease to 28.9% at the highest compound concentration was observed (figure 26A). In ACTHstimulated ACC cells, viability decreased to 16.4% at the maximal compound concentration (100 nM),
although an increase was observed at the 20 nM concentration (88.1%) (figure 26B). The increase in
apoptosis was thus accompanied by a decrease in viability.
Absolute data are presented in appendix 4.5.
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Figure 26: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on the viability of non-stimulated (A) and ACTHstimulated (B) adrenocortical carcinoma (ACC) cells (n=1) after 24 hours. RFU = relative fluorescence units.

36

Paragraph 4.2.3: Lipidomics
The lipid profile of the normal adrenocortical cells incorporated in our first pilot study was determined.
In figure 27 the number of cholesteryl esters in every sample is expressed as a percentage of total
cholesterol (free cholesterol and cholesteryl esters) and lipids. The total number of cholesteryl esters
differed between the samples. In mitotane incubated non-stimulated normal adrenocortical cells,
cholesteryl esters increased after 6 hours, but decreased after 24 hours. In ACTH-stimulated normal
adrenocortical cells, cholesteryl esters decreased after 6 hours. After 24 hours, the number of
cholesteryl esters was at the control level. S035 did not affect the number cholesteryl esters in nonstimulated normal adrenocortical cells. In ACTH-stimulated normal adrenocortical cells, cholesteryl
esters were decreased after 6 hours and increased after 24 hours. Based on these results, it could thus
be possible that mitotane and S035 both cause an early decrease and a late increase in cholesteryl
esters in a hypercortisolistic environment, suggesting early SOAT1 inhibition. However, we have to
take into consideration that only one NA was incorporated in this study. Output of the principal
component analysis is presented in appendix 5.

Figure 27: Effects of mitotane and Sandoz 58-035 (S035) on lipid metabolism of non-stimulated and ACTH-stimulated
normal adrenocortical cells (n=1) after 6 and 24 hours.
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Paragraph 4.2.4: Lipid droplets
We aimed to visualize the SOAT1 inhibiting effects by evaluating the number and size of lipid droplets
in normal adrenocortical cells. Therefore, we stained normal adrenocortical cells using an
immunofluorescent dye for lipid droplets. Lipid droplets were successfully visualized in non-stimulated
normal adrenocortical cells, although no obvious increase in number or size of lipid droplets was
observed in non-stimulated normal adrenocortical cells incubated with mitotane or S035 (figure 28).
Lipid droplets of fibroblasts stained also. Therefore, it was difficult to distinguish normal adrenocortical
cells from fibroblasts.

Figure 28: Immunofluorescent imaging of lipid droplets. Blue colour is nuclear DAPI staining. Green colour is LD540 staining
for lipid droplets. A and D = DMSO control, B = 50 μM mitotane, C = 100 μM mitotane, E = 50 μM S035, F = 100 μM S035. Scale
bar represents 100 μM (A and D) or 50 μM (B, C, E and F).
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Paragraph 4.2.5: ER-stress and the UPR
Paragraph 4.2.5.1: RT-qPCR
Originally, we wanted to evaluate the relative mRNA expression after 6 and 24 hours of incubation.
However, little mRNA was left in our 24-hour samples incubated with mitotane and ATR-101. An
explanation could be that we removed detached apoptotic cells when we gathered medium, thereby
losing valuable mRNA. Therefore, we only report relative mRNA expression after 6 hours.
The relative mRNA expression of ATF4 was used as a marker of PERK-pathway activity. The
relative mRNA expression of ATF4 in non-stimulated ACC cells was increased when the cells were
incubated with mitotane (fold change: 2.7). The relative mRNA expression further increased in ACTHstimulated cells (fold change: 4.5), suggesting PERK-pathway activity in ACC cells incubated with
mitotane. S035 did not increase PERK-pathway in the non-stimulated as well as in the ACTH-stimulated
ACC cells. PERK-pathway activity in ACC cells incubated with ATR-101 was slightly increased in nonstimulated ACC cells (fold change: 1.8), but not in ACTH-stimulated ACC cells (table 5).
Table 5: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on protein kinase RNA (PKR)-like ER kinase (PERK) pathway
activity in non-stimulated and ACTH-stimulated adrenocortical carcinoma cells (n=1). PERK-pathway activity was evaluated
based on the relative mRNA expression of activating transcription factor 4 (ATF4).

Pathway
PERK

Factor
ATF4

Non-stimulated (fold change)
Mitotane: 2.7
S035: 1.1
ATR-101: 1.8

ACTH-stimulated (fold change)
Mitotane: 4.5
S035: 1.4
ATR-101: 1.2

Splicing of uXBP1 was used as a marker for IRE1-pathway activity. Incubating non-stimulated
ACC cells with mitotane increased uXBP1 splicing, because the relative mRNA expression of uXBP1
decreased (fold change: 0.3) and the relative mRNA expression of sXBP1 increased (fold change: 2.2).
In ACTH-stimulated cells, the relative mRNA expression of uXBP1 was also decreased (fold change: 0.4),
accompanied with a slightly increased relative mRNA expression of sXBP1 (fold change: 1.8). These
results indicated IRE1-pathway activity in non-stimulated and ACTH-stimulated ACC cells incubated
with mitotane. ATR-101 decreased relative mRNA expression of uXBP1 in non-stimulated and ACTHstimulated ACC cells (fold changes: 0.5), but expression of sXBP1 was not increased. S035 did not affect
the IRE1-pathway (table 6).
Table 6: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on inositol-requiring protein 1 (IRE1) pathway activity in
non-stimulated and ACTH-stimulated adrenocortical carcinoma cells (n=1). IRE1-pathway activity was evaluated based on
the relative mRNA expressions of unspliced X-box binding protein 1 (uXBP1) and spliced X-box binding protein 1 (sXBP1).

Pathway
IRE1

Factor
uXBP1

sXBP1

Non-stimulated (fold change)
Mitotane: 0.3
S035: 0.9
ATR-101: 0.5
Mitotane: 2.2
S035: 1.0
ATR-101: 1.4

ACTH-stimulated (fold change)
Mitotane: 0.4
S035: 1.2
ATR-101: 0.5
Mitotane: 1.8
S035: 0.7
ATR-101: 1.1

ERAD activity was determined by evaluating the relative mRNA expressions of EDEM1 and
HERPUD1, two components of ERAD. Mitotane increased the relative mRNA expression of HERPUD1
in non-stimulated (fold change: 11.8) and ACTH-stimulated ACC cells (fold change: 21.2). S035 only
increased the relative mRNA expression of HERPUD1 in the ACTH-stimulated ACC cells (fold change:
1.9), however to a much lesser extent in comparison to mitotane. ATR-101 increased the relative mRNA
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expression of HERPUD1 in non-stimulated (fold change: 3.9) and ACTH-stimulated (fold change: 4.4)
ACC cells, but again to a lesser extent in comparison to mitotane. None of the compounds affected the
relative mRNA expression of EDEM1. These results thus suggested that ERAD was activated in nonstimulated and ACTH-stimulated ACC cells incubated with mitotane and ATR-101 and in ACTHstimulated ACC cells incubated with S035 (table 7).
Table 7: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on ER-associated protein degradation (ERAD) activity in
non-stimulated and ACTH-stimulated adrenocortical carcinoma cells (n=1). ERAD activity was evaluated based on the
relative mRNA expressions of ER degradation enhancing α-mannosidase like protein 1 (EDEM1) and homocysteine inducible
endoplasmic reticulum protein with ubiquitin like domain 1 (HERPUD1).

Pathway
ERAD

Factor
EDEM1

HERPUD

Non-stimulated (fold change)
Mitotane: 0.9
S035: 1.2
ATR-101: 1.4
Mitotane: 11.8
S035: 1.5
ATR-101: 3.9

ACTH-stimulated (fold change)
Mitotane: 1.0
S035: 1.0
ATR-101: 1.0
Mitotane: 21.2
S035: 1.9
ATR-101: 4.4

The relative mRNA expressions of ERP72, GRP78 and p58ipk were determined as the effectors
of the UPR. The relative ERP72 mRNA expression was the highest in non-stimulated (fold change: 16.1)
and ACTH-stimulated (fold change: 18.2) ACC cells incubated with mitotane. Also, the relative mRNA
expression of GRP78 in the ACTH-stimulated ACC cells was stronger increased (fold change: 23.1)
compared to the non-stimulated ACC cells (fold change: 7.6). Interestingly, the relative mRNA
expression of p58ipk was stronger increased in non-stimulated ACC cells (fold change: 5.5) compared
to ACTH-stimulated ACC cells (fold change: 2.5). S035 only slightly increased the relative ERP72 mRNA
expression in non-stimulated cells (fold change 1.7) and the relative GRP78 mRNA expression in ACTHstimulated cells (fold change: 3.8). In non-stimulated cells, ATR-101 increased the relative mRNA
expression of all three effectors (fold changes: 4.3, 2.0 and 1.6, respectively), although to a lesser
extent compared to mitotane. Only the relative mRNA expression of ERP72 was increased in ACTHstimulated ACC cells (fold change: 4.0) (table 8).
Table 8: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on effectors of the unfolded protein response (UPR) in
non-stimulated and ACTH-stimulated adrenocortical carcinoma cells (n=1). The relative mRNA expressions of the following
effectors were evaluated: ER protein 72 (ERP72), glucose-regulated protein 78 (GRP78) and DnaJ heat shock protein family
member C3 (p58ipk).

Pathway
Effectors

Factor
ERP72

GRP78

p58ipk

Non-stimulated (fold change)
Mitotane: 16.1
S035: 1.7
ATR-101: 4.3
Mitotane: 7.6
S035: 1.2
ATR-101: 2.0
Mitotane: 5.5
S035: 1.2
ATR-101: 1.6

ACTH-stimulated (fold change)
Mitotane: 18.2
S035: 1.5
ATR-101: 4.0
Mitotane: 23.1
S035: 3.8
ATR-101: 1.4
Mitotane: 2.5
S035: 0.9
ATR-101: 1.3

The relative mRNA expression of CHOP, an important ER-stress marker of the apoptotic phase
of the UPR, was strongly increased in non-stimulated (fold change: 57.7) and ACTH-stimulated (fold
change: 98.3) ACC cells incubated with mitotane. The relative mRNA expression of CHOP was also
increased in non-stimulated (fold change: 16.2) and ACTH-stimulated (fold change: 16.4) cells
incubated with ATR-101, however, to a lesser extent. S035 minimally increased the relative mRNA
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expression of CHOP in ACTH-stimulated cells (fold change: 3.4) compared to ACTH-stimulated cells
incubated with mitotane or ATR-101 (table 9).
Table 9: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on the relative CCAAT/enhancer-binding protein
homologous protein (CHOP) mRNA expression in non-stimulated and ACTH-stimulated adrenocortical carcinoma cells
(n=1).

Pathway
Apoptosis

Factor
CHOP

Non-stimulated (fold change)
Mitotane: 57.7
S035: 1.3
ATR-101: 16.2

ACTH-stimulated (fold change)
Mitotane: 98.3
S035: 3.4
ATR-101: 16.4

As described previously, CHOP initiates the apoptotic phase of the UPR by decreasing BCl-2
expression, thereby releasing pro-apoptotic factors for the initiation of BAX/BAK mediated
permeabilization of the mitochondrial membrane. Upon permeabilization, cytochrome c is released,
which triggers caspase activation. Surprisingly, mitotane decreased the relative mRNA expression of
BAX in non-stimulated (fold change: 0.6) and ACTH-stimulated (fold change: 0.5) ACC cells while
decreasing the relative mRNA expression of BCl-2 in ACTH-stimulated cells (fold change: 0.5) as well.
Mitotane increased the relative mRNA expression of Casp3 in non-stimulated (fold change: 3.9) and
ACTH-stimulated (fold change: 3.9) cells. S035 did not affect the relative mRNA expressions of BAX,
BCl-2 and Casp3. ATR-101 did not affect the relative mRNA expression of BAX, but did increase the
relative mRNA expressions of BCl-2 in ACTH-stimulated cells (fold change: 1.6) and of Casp3 in nonstimulated cells (fold change: 1.8) (table 10).
Table 10: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on CHOP-mediated apoptosis in non-stimulated and
ACTH-stimulated adrenocortical carcinoma cells (n=1). BCl-2 associated X (BAX), B-cell lymphoma 2 (BCl-2), caspase 3
(Casp3).

Pathway
Apoptosis

Factor
BAX

BCl-2

Casp3

Non-stimulated (fold change)
Mitotane: 0.6
S035: 0.8
ATR-101: 1.1
Mitotane: 0.7
S035: 1.2
ATR-101: 1.4
Mitotane: 3.9
S035: 1.5
ATR-101: 1.8

ACTH-stimulated (fold change)
Mitotane: 0.5
S035: 1.1
ATR-101: 1.2
Mitotane: 0.5
S035: 0.7
ATR-101: 1.6
Mitotane: 3.9
S035: 1.2
ATR-101: 1.2

To evaluate the effects of the UPR on steroidogenesis, we determined the expression of CYP17,
SOAT1 and SREBF2. In non-stimulated ACC cells incubated with mitotane, the relative mRNA
expressions of CYP17 (fold change: 0.3) and SOAT1 (fold change: 0.3) were decreased. The relative
mRNA expression of SREBF2 was not affected. S035 did not affect the relative mRNA expressions of
CYP17, SOAT1 and SREBF2 in non-stimulated cells. ATR-101 decreased the relative mRNA expression
of CYP17 (fold change: 0.5). In ACTH-stimulated ACC cells, mitotane increased the relative mRNA
expression of SOAT1 (fold change: 2.3), but did not affect the relative mRNA expressions of CYP17 and
SREBF2. S035 increased the relative mRNA expressions of CYP17 (fold change: 1.8) and SOAT1 (fold
change: 3.8), but did not affect the relative mRNA expression of SREBF2. ATR-101 did not affect the
relative mRNA expressions of SOAT1 or SREBF2, but decreased the relative mRNA expression of CYP17
(fold change: 0.5) (table 11).
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Table 11: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on steroidogenesis of non-stimulated and ACTHstimulated adrenocortical carcinoma cells (n=1). The effects on steroidogenesis were evaluated based on the relative mRNA
expressions of 17a-hydroxylase (CYP17), sterol-O-acyl transferase 1 (SOAT1) and sterol regulatory element-binding
transcription factor 2 (SREBF2).

Pathway
Steroidogenesis

Factor
CYP17

SOAT1

SREBF2

Non-stimulated (fold change)
Mitotane: 0.3
S035: 1.0
ATR-101: 0.5
Mitotane: 0.3
S035: 1.0
ATR-101: 0.9
Mitotane: 1.1
S035: 0.8
ATR-101: 1.0

ACTH-stimulated (fold change)
Mitotane: 0.9
S035: 1.8
ATR-101: 0.5
Mitotane: 2.3
S035: 3.8
ATR-101: 0.8
Mitotane: 1.1
S035: 0.7
ATR-101: 0.9

Out of curiosity, we wanted to determine the effects of our compounds on the relative mRNA
expression of SF1. SF1 is nuclear receptor that is important in adrenal development and
steroidogenesis. The relative mRNA expression of SF1 was decreased in non-stimulated ACC cells
incubated with mitotane (fold change: 0.1) and S035 (fold change: 0.4), but increased in ATR-101
incubated cells (fold change: 1.7). The relative mRNA expression of SF1 in ACTH-stimulated cells
incubated with mitotane (fold change: 2.2) and S035 (fold change: 2.4) increased, while ATR-101
decreased relative mRNA expression of SF1 (fold change: 0.6) (table 12). ACTH-stimulation thus had
contrasting effects on the relative SF1 mRNA expression in incubated ACC cells.
Table 12: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on the relative steroidogenic factor 1 (SF1) mRNA
expression of in non-stimulated and ACTH-stimulated adrenocortical carcinoma cells (n=1).

Pathway
Adrenal
development
and
steroidogenesis

Factor
SF1

Non-stimulated (fold change)
Mitotane: 0.1
S035: 0.4
ATR-101: 1.7

ACTH-stimulated (fold change)
Mitotane: 2.2
S035: 2.4
ATR-101: 0.6

Paragraph 4.2.5.2: Western Blot
To evaluate the effects of ER-stress on the protein level, we needed antibodies that could recognize
canine proteins of ER-stress factors. Therefore, we tested antibodies against (p-)eIF2α, CHOP and ATF6.
The anti-ATF6-antibody detected a protein with a molecular weight of 34 kDa in normal
adrenocortical cells incubated with mitotane (figure 29). ATF6 is a 90 kDa protein, which let us to
conclude that our anti-ATF6-antibody was not suitable for canine adrenocortical cells.
Our anti-CHOP-antibody detected several proteins with a molecular weight higher than 27 kDa,
which is the molecular weight of CHOP. Therefore, our anti-CHOP-antibody was not suitable for canine
adrenocortical cells either (figure 29).
Anti-eIF2α-antibody detected a 36.1 kDa protein (figure 29). Because the molecular weight of
eIF2α is 38 kDa, this antibody succeeded in recognizing eIF2α protein.
The anti-p-eIF2α-antibody detected a 37 kDa protein. Because the molecular weight of eIF2α
is 38 kDa, this antibody also succeeded in recognizing the correct protein. However, a 58 kDa protein
was also detected (figure 29).
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The anti-e-IF2α-antibody and the anti-p-eIF2α-antibody could thus be useful in evaluating the
effects of our compounds on the UPR. ER-stress was successfully initiated in normal adrenocortical
cells incubated with several mitotane concentrations, because the anti-e-IF2α-antibody and the antip-eIF2α-antibody detected (p)-eIF2α: components of the PERK-pathway of the UPR.
The expression of eIF2α was not determined on the mRNA level, because phosphorylation of
eIF2α is a marker of UPR activity. The expression of ATF6 was not determined at the mRNA level as
well, because ATF6 is cleaved and no mRNA sequence of cleaved ATF6 was available.

Figure 29: Western Blot of UPR antibodies activating transcription factor 6 (ATF6) (A), CCAAT/enhancer-binding protein
homologous protein (CHOP) (B), eukaryotic initiation factor 2 alpha (eIF2α) (C) and phosphorylated eIF2α (p-eIF2α) (D). NA
= normal adrenocortical cells, NA-M = normal adrenocortical cells incubated with mitotane.
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Chapter 5: Discussion and Conclusion
Paragraph 5.1: SOAT1 expression
SOAT1 was expressed in all ACAs and ACCs on the mRNA as well as on the protein level, providing a
solid base that a selective SOAT1 inhibitor could have potential as a future treatment in canine ATs.
SOAT1 expression at the mRNA and protein level was more variable in ACCs, similar has been observed
in humans as well.11
Some ACAs and ACCs showed low SOAT1 mRNA expression and high SOAT1 protein expression
(or clockwise), something which probably relates to tumors being very heterogeneous tissues.59 It
could thus be possible that RT-qPCR was performed at AT tissue with low SOAT1 mRNA expression,
while AT tissue with high SOAT1 protein expression was used for H-scoring. A factor hampering
determining SOAT1 protein expression was differing staining intensity between the batches. To solve
this problem, the same control tissue should be incorporated in every batch. However, this was not
the case and thus the differing staining intensity could be an explanation for the discrepancy between
SOAT1 mRNA and protein expression as well. In future experiments, in every batch the same control
tissue should be included and intensity grading should be related to the intensity of control tissue.
Due to variation in SOAT1 expression, variation in response to SOAT1 inhibitor treatment is
expected, something which was shown in the study of Sbiera et al. 2015: responders to mitotane
therapy showed higher SOAT1 protein expression in comparison to non-responders.11 In dogs, no
studies, including a large sample size, into the relationship between SOAT1 protein expression and
response to mitotane therapy have been performed so far. The variation in SOAT1 protein expression
in canine ATs implies, that also in dogs, a failure to respond to mitotane therapy could be possible.
In terms of using SOAT1 inhibitor as an adjuvant treatment after adrenalectomy, SOAT1
expression of the AT should be determined by IHC. It is important to use several tissue samples to
obtain insight in SOAT1 expression throughout the whole AT, because SOAT1 expression varies within
the AT. Few samples with low SOAT1 expression might incorrectly reject SOAT1 inhibitor therapy as
adjuvant therapy post-adrenalectomy. Determining SOAT1 expression in case of SOAT1 inhibitors as a
primary treatment is currently impossible. Therefore, no or little response to mitotane treatment
might indicate low SOAT1 expression. Studies into methods for determining SOAT1 expression in
patients in which SOAT1 inhibitor therapy as a primary treatment is desired, are warranted.
We succeeded in IHC staining of ACA and ACC slides. However, our negative control tissues
(colon, liver and muscle) stained as well (appendix 2.3). This is not surprising, because SOAT1 protein
is present in these tissues, although the expression of SOAT1 protein is reported to be the highest in
adrenals.22,60,61 It is difficult to find suitable negative control tissue, because SOAT1 is ubiquitously
expressed.22
The manufacturer of our anti-SOAT1 antibody reported that our anti-SOAT1-antibody should
be functional in canine tissues. Western Blot showed that the anti-SOAT1 antibody did cross react with
additional proteins. It is reported that Western Blot of SOAT1 yields a band around 50 kDa, which was
the case in this study, but also around 30 and 120 kDa, because of cleavage and binding of hydrophobic
SOAT1 to other proteins, respectively.62 It could be possible that our anti-SOAT1 antibody detected
SOAT2 as well. Blasting protein sequences of SOAT1 and SOAT2 revealed an identity of 47%-53%.
However, SOAT2 expression in adrenals is low to absent.22 Summarized, our anti-SOAT1 antibody was
possibly not the best antibody to use for IHC and new anti-SOAT1 antibodies, especially for canine
tissues, should be tested and/or developed.
In the current study, slides were judged by two researches, although not independently. In the
future, slides should thus be judged by several researchers independently.
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Paragraph 5.2: In vitro studies
Paragraph 5.2.1: Steroidogenesis
Mitotane and ATR-101 strongly decreased the cortisol concentration of ACTH-stimulated normal
adrenocortical cells and ACC cells after 24 hours, while S035 was not effective. The reduction in the
cortisol concentration could be due to a decreasing number of viable cortisol-producing cells, because
mitotane and ATR-101 increased apoptosis of normal adrenocortical cells and ACC cells in a dosedependent way. S035 increased apoptosis in ACC cells, while the cortisol concentration increased.
Another explanation for the decreased cortisol concentration could be that mitotane and ATR-101
disturb cholesterol metabolism, in which SREBP2 plays an important role. Elevated levels of free
cholesterol inhibit the release of SREBP2, thereby inhibiting the transcription of genes involved in
cholesterol metabolism.47 With SREBP2 not being released, no new SREBP2, and thus no transcription
of SREBF2, is needed. After 6 hours, SREBF2 mRNA expression of ACTH-stimulated ACC cells was not
affected by our compounds. Perhaps, the expression of SREBF2 will decrease after 24 hours of
incubation, but in these samples, little mRNA was left and we thus could not determine SREBF2
expression. In the future, we could overcome this problem by centrifuging medium, which possibly
contains cells. After centrifuging, one can easily use the supernatant for cortisol measurements. The
pellet, containing cells and thus hopefully mRNA, could be suspended in RLT and β-ME and used for
RNA isolation. However, it is possible that RNA of apoptotic cells is degraded and thus not useful.
Therefore, we can incubate cells with lower compound concentrations in order to observe effects of
mitotane, S035 and ATR-101 after longer incubation times.
Originally, we wanted to evaluate the mRNA expression of SREBF1 as well, however, primers
of SREBF1 turned out not to be working. Therefore, SREBF1 was excluded from our analysis. For future
experiments, new primers for SREBF1 need to be designed and tested.
Several in vitro studies into the effects and mechanism of action of mitotane in the NCI-H295R
cell line reported inhibitory effects of mitotane on the cortisol concentration in a dose-dependent
way.11,63-65 Recently, Sbiera et al. 2015 reported that S035 also decreased the cortisol concentration,
but the decrease was less compared to the cortisol concentration of NCI-H295R cells incubated with
mitotane.11 A study by Jamal et al. 1985 into the effects of S035 on bovine adrenocortical cell culture
reported that S035 was capable of inhibiting SOAT1, however, this was not accompanied with a
decrease in the cortisol concentration.66 In vitro studies into the effects of ATR-101 in the NCI-H295R
cell line and in guinea pig, canine and monkey primary adrenocortical cell cultures showed cortisol
decreasing effects. In these studies, 100 μM and 10 μM ATR-101 were used and in our study a
maximum concentration of 100 nM ATR-101 was used.67,68 It thus remains uncertain at what
concentration ATR-101 exerts its effects the best. In vivo, ATR-101 decreased the cortisol
concentration in guinea pigs and canines.26,69,70
The relative CYP17 mRNA expression was used as an indicator of steroidogenesis activity at the
mRNA level. Because RT-qPCR of our 24-hour mRNA samples was not possible, no conclusions
regarding the relationship between the cortisol concentration and the relative CYP17 mRNA expression
can be drawn. It remains interesting to study the effects of our compounds on the steroidogenesis
enzymes, especially for mitotane, because it is reported that mitotane interferes with steroidogenesis
enzymes.65
Surprisingly, all three compounds increased the cortisol concentration of non-stimulated
normal adrenocortical cells. The degree of increase was influenced by correcting cortisol
concentrations using protein concentrations. Due to the strong apoptotic effects of mitotane and ATR101 at higher compound concentrations, cells were detached. Correcting the cortisol concentration by
the attached cells, thus most likely leaded to an overestimation of cortisol concentration per protein.
Therefore, one must carefully interpret corrected cortisol concentrations. S035 did not increase
apoptosis and seemed to have little effect on protein concentrations. Therefore, the cortisol
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concentration of normal adrenocortical cells incubated by S035 was not overestimated. In contrast to
normal adrenocortical cells, all three compounds had little effect on protein concentrations of nonstimulated ACC cells, while apoptosis increased.
Mitotane and ATR-101 decreased cortisol concentration of ACTH-stimulated normal
adrenocortical cells, but this decrease was not significant. Further testing in a larger sample size is
needed to judge the value of this result.
According to the first requirement of treatment of cortisol-secreting ATs, i.e. suppression of
cortisol production, it seemed that ATR-101 and not S035 is preferred, however no strong conclusions
can be drawn due to the low sample size. In future studies, it is warranted to determine the cortisol
concentration and the relative CYP17, SREBF1 and SREBF2 mRNA expression of more NAs and ATs after
the same incubation time.

Paragraph 5.2.2: Viability and apoptosis
The second and most important requirement of treatment of cortisol-secreting ATs is reduction of
tumor size. In order to determine the effects of our compounds on cell viability, cytotoxicity and
apoptosis, we tested the ApoTox-GloTM assay. The assay was not suitable for determining the effects
on cytotoxicity, because cytotoxicity decreased, while viability also decreased and apoptosis increased.
As described previously, this could be due to early cytotoxic effects of mitotane. In a study by Wolfgang
et al. 1994 it was shown that the cytotoxic effects of mitotane indeed started early after incubation.68
To confirm whether this is indeed the case in our cells, repeat experiments could include cytotoxicity
assays with short incubation intervals to determine when the cytotoxic effect of mitotane exactly
occurs. When it is known at what time the cytotoxic effect occurs, incubation times of future
experiments can be adapted.
In the current experiment, we decided to measure apoptosis using the Caspase-Glo® 3/7 Assay,
which was the part of the ApoTox-GloTM assay that determined apoptosis, and the alamarBlue® Assay
to measure viability. No obvious differences in apoptosis were observed between non-stimulated and
stimulated normal adrenocortical cells (figure 22). Therefore, we decided to perform the CaspaseGloTM 3/7 Assay only on non-stimulated normal adrenocortical cells and ACC cells. The alamarBlue®
Assay was performed in non-stimulated and ACTH-stimulated normal adrenocortical cells and ACC
cells. The effects of our compounds on viability of non-stimulated normal adrenocortical cells and ACC
cells were similar to the effects of our compounds observed in ACTH-stimulated normal adrenocortical
cells and ACC cells (figures 25 and 26).
We expected that our compounds would decrease viability and increase apoptosis of normal
adrenocortical and ACC cells. The viability of non-stimulated and ACTH-stimulated normal
adrenocortical cells and ACC cells incubated with mitotane decreased. This was accompanied by an
increase in apoptosis. A dose-dependent increase of apoptosis and decrease of viability in NCI-H295R
cells was already observed before.11,71,72 Surprisingly, sometimes it was reported that mitotane did not
alter viability, although lower concentrations were used.64,65
The viability of non-stimulated and ACTH-stimulated normal adrenocortical cells incubated
with S035 increased, while no effect on apoptosis was observed. The viability of non-stimulated and
ACTH-stimulated ACC cells incubated with S035 increased, while an increase of apoptosis was
observed. An increase in apoptosis was observed previously.11 Sbiera et al. 2015 did observe
decreasing viability in the NCI-H295R cell line, although the decrease of viability in these cells was of
lesser magnitude in comparison to NCI-H295R cells incubated with mitotane.11
The viability of non-stimulated and ACTH-stimulated normal adrenocortical cells incubated
with ATR-101 did increase, while apoptosis increased. The viability of non-stimulated and ACTHstimulated ACC cells decreased, accompanied with an increase in apoptosis. An increase in apoptosis
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and a decrease of viability were observed in previous studies.26,67,68,73-75 An explanation for increasing
viability, while apoptosis increased at the same time, could be related to the mechanism on which the
alamarBlue® Assay relies. The alamarBlue® Assay relies on transforming resazurin into resofurin. This
reaction is a reduction reaction for which NADH could be used. Normally, NADH is oxidized to NAD +
H+ in the mitochondria of the cell. ATR-101 is reported to interfere with the mitochondrial oxidative
phosphorylation74, thereby creating more NADH, which can be used for reduction of resazurin.
As indicators for apoptosis at the mRNA level, we determined the relative mRNA expression of
BAX, BCl-2 and Casp3. Mitotane increased the relative mRNA expression of Casp3 in non-stimulated
and ACTH-stimulated ACC cells. This corresponds to increasing apoptosis, measured by the CaspaseGlo® 3/7 Assay. Amongst apoptotic conditions, BAX expression is increased and BCl-2 expression
decreased.27,46 Surprisingly, the relative mRNA expression of BAX was decreased in non-stimulated and
ACTH-stimulated ACC cells and the expression of BCl-2 was increased in ACTH-stimulated ACC cells,
pointing to survival. Increased expression of BAX was observed in the NCI-H295R studies of Sbiera et
al. 2015.11 Because increased BAX expression was observed after 24 hours in this study, this might be
an explanation for why we did not observe increased BAX (and decreased BCl-2) expression. S035 did
not affect the relative mRNA expressions of BAX, BCl-2 and Casp3. ATR-101 increased the relative
mRNA expression of Casp3 in the non-stimulated ACC cells, although expression of BAX and BCl-2 was
not affected. In ACTH-stimulated ACC cells the relative mRNA expression of BCl-2 was increased,
pointing to survival instead of apoptosis. No strong conclusions based on the relative mRNA
expressions can be elicited, because the sample size was only one.

Paragraph 5.2.3: SOAT1 and cholesterol esterification
We performed lipidomics of mitotane and S035 incubated non-stimulated and ACTH-stimulated
normal adrenocortical cells. The results suggested that mitotane and S035 inhibit SOAT1 of ACTHstimulated normal adrenocortical cells early after incubation. The early decrease and late increase in
cholesteryl esters was observed by Sbiera et al. 2015 as well, although in a shorter time span (0.5-6
hours instead of 6-24 hours).11 Because only one NA was incorporated in this study and we did not test
the effects of ATR-101 on lipid profile, we wanted to determine additional lipid profiles to draw any
conclusions. Unfortunately, the results of these additional lipid profiles were unsatisfactory due
technical errors. No internal standard was incorporated and we did not receive absolute data regarding
the total amounts of free cholesterol, cholesteryl esters and fatty acids. In the future, we still need
lipid profiles to evaluate the SOAT1 inhibiting effects. The future lipid profiles should contain an
internal standard. In addition, the sample size should be larger, involving NAs and ATs.
To determine whether SOAT1 inhibition affected the number and size of lipid droplets, we
stained lipid droplets using LD450 staining. We succeeded in staining lipid droplets, however,
fibroblasts stained positive as well. In future experiments, we therefore need to include an additional
staining typical for adrenocortical cells: an ongoing research project. In addition, it may be interesting
to analyse the incorporation of fluorescent labelled cholesterol in lipid droplets. Decreased
fluorescence means decreased incorporation of cholesterol in lipid droplets and thus inhibition of
SOAT1. Sbiera et al. 2015 showed decreased incorporating of fluorescent labelled cholesterol in lipid
droplets with increasing mitotane and S035 concentrations.11 Reindel et al. 1994 electron microscopely
showed decreased lipid droplet formation in monkey adrenal cells incubated with ATR-101.76
We determined the relative mRNA expression of SOAT1 to gain insight in the effects of our
compounds at the mRNA expression of SOAT1. In non-stimulated ACC cells, SOAT1 expression was
decreased in mitotane incubated cells and not affected in ATR-101 or S035 incubated cells. In ACTHstimulated ACC cells, the relative mRNA expression of SOAT1 was increased in mitotane and S035
incubated cells. Looking back at the results of the lipid profile, cholesteryl esters were decreased after
6 hours of incubation and increased after 24 hours of incubation. Maybe, SOAT1 mRNA expression is
increased after 6 hours of incubation to create more SOAT1 proteins in order to esterify cholesterol to
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cholesteryl esters at 24 hours of incubation. ATR-101 did not affect SOAT1 expression of ACTHstimulated ACC cells. Because of the small sample size, no strong conclusions can be drawn.

Paragraph 5.2.4: ER-stress and the UPR
The effects of our compounds on ER-stress and the UPR were researched into using Western Blot and
RT-qPCR. To evaluate the protein expression of the UPR components, we determined the specificity of
antibodies against eIF2α, p-eIF2α, CHOP and ATF6. The antibodies against (p-)eIF2α are suitable to
determine canine PERK-pathway activity. The normal adrenocortical cells incorporated in this study
were incubated with several concentrations mitotane. Because p-eIF2α and eIF2α were recognized,
this suggested PERK-pathway activity and ER-stress in mitotane incubated normal adrenocortical cells.
Corresponding to our findings, Sbiera et al. 2015 showed increased phosphorylation of eIF2α in NCIH295R cells incubated with mitotane.11 The antibodies against ATF6 and CHOP might not be working
in canine adrenocortical cells or the expression of ATF6 and CHOP proteins was too low to be detected.
Because we want to know the effects of our compounds on the ATF6-pathway, the anti-ATF6-antibody
should be tested again and/or new antibodies against ATF6 should be tested. Because CHOP is an
important ER-stress marker, anti-CHOP-antibodies also need to be (re)tested.
The relative mRNA expression of ATF4, a marker of PERK-pathway activity, was increased in
mitotane incubated non-stimulated and ACTH-stimulated ACC cells, suggesting PERK-pathway activity.
As an indicator of IRE1-pathway activity, we determined the relative mRNA expressions of uXBP1 and
sXBP1. The relative mRNA expression of sXBP1 was increased in non-stimulated and ACTH-stimulated
ACC cells incubated with mitotane, while the relative mRNA expression of uXBP1 was decreased.
Mitotane thus induced IRE1-pathway activity, something which was also observed by Sbiera et al.
2015.11 The relative mRNA expressions of additional components of the UPR like ERP72, GRP78, p58ipk
and CHOP were increased as well. Sbiera et al. 2015 studied CHOP expression in mitotane incubated
NCI-H295R cells as well, which was increased.11 The relative mRNA expression of HERPUD1, a
compound of ERAD, was increased, although the relative mRNA expression of EDEM1, another
component of ERAD, was not increased. These results suggested that ER-stress is initiated in mitotane
incubated ACC cells. However, because only one ACC was incorporated in this study, no strong
conclusions can be elicited.
We observed no XBP1 splicing in non-stimulated and ACTH-stimulated ACC cells incubated
with S035. The transcription factor sXBP1 induces transcription of EDEM1. The relative mRNA
expression of EDEM1 was not affected. This corresponds to observing no XBP1 splicing, suggesting no
IRE1-pathway activity in S035 incubated ACC cells. In contrast, Sbiera et al. 2015 did find XBP1 splicing
in NCI-H295R cells incubated with S035.11 The relative mRNA expression of ATF4 was not increased in
ACTH-stimulated and non-stimulated ACC cells. However, the relative mRNA expression of CHOP was
increased in ACTH-stimulated ACC cells. Because the expression of CHOP is regulated by ATF4,
increased relative CHOP mRNA expression could thus point to PERK-pathway activity. CHOP expression
is regulated by ATF6 as well. The relative mRNA expression of p58ipk, a ATF6-dependent factor, was not
increased. These results suggested that CHOP expression was solely due to ATF4 and that the PERKpathway may be active in ACTH-stimulated ACC cells incubated with S035. Because we expected
increased relative mRNA expressions of ATF4 and CHOP, we tried to explain why only the relative
mRNA expression of CHOP was increased. An explanation could be that little ATF4 mRNA and thus
protein (transcription factor) is sufficient to initiate strong CHOP expression, a relationship which was
observed between the fold changes of ATF4 versus CHOP in ACC cells incubated with mitotane. Lastly,
some additional UPR components were increased expressed: ERP72 in non-stimulated ACC cells and
HERPUD1 and GRP78 in ACTH-stimulated ACC cells. These results suggested that ER-stress was initiated
to some point, however, no strong conclusions can be drawn.
ATR-101 did, based on the relative mRNA expression of ATF4, activate the PERK-pathway in
non-stimulated ACC cells. Corresponding to this finding, the relative mRNA expression of CHOP was
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increased in non-stimulated ACC cells. The relative CHOP mRNA expression was also increased because
of ATF6-pathway activity, because the relative mRNA expression of p58ipk, an ATF6-specfic factor, was
increased in non-stimulated ACC cells. The relative mRNA expression of uXBP1 was decreased,
indicating IRE1-pathway activity, although the relative mRNA expression of EDEM1 was not increased.
The relative mRNA expression of HERPUD1 was increased in non-stimulated ACC cells, suggesting ERAD
activity. In addition, ATR-101 increased the relative mRNA expressions of ERP72 and GRP78. In ACTHstimulated ACC cells, the relative mRNA expression of ATF4 was not affected, although the relative
CHOP mRNA expression was increased. Again, this could be due to ATF4 and ATF6. The relative
expression of p58ipk mRNA was not increased, suggesting that ATF4, but not ATF6 was responsible for
the increased relative mRNA expression of CHOP. The relative mRNA expression of uXBP1 was
decreased, pointing to IRE1-pathway activity, although expression of EDEM1 was not affected. In
ACTH-stimulated cells, the relative mRNA expression of ERP72 was increased. The relative mRNA
expression of HERPUD1 was increased, suggesting ERAD activity. LaPensee et al. 2016 did observe
PERK-pathway and IRE1-pathway activity based on CHOP mRNA expression, immunoblots of (p-)eIF2α
and XBP1 splicing when incubating NCI-H295R cells with 30 nM ATR-101 and 45 μg/mL cholesterol
during 4 or 5 hours. Cholesterol was added, because ATR-101 did not cause cytotoxicity in the absence
of cholesterol. We did not use cholesterol, although we did observe apoptotic effects of ATR-101. The
role of cholesterol in ATR-101’s cytotoxicity remains thus unclear and needs to be clarified.
The relative SF1 mRNA expression was decreased by mitotane in non-stimulated ACC cells. Low
relative SF1 mRNA expression was accompanied by low relative SOAT1 mRNA expression. In ACTHstimulated ACC cells, the relative mRNA expressions of SF1 and SOAT1 were increased. These results
pointed to SF1 regulated SOAT1 expression, which was previously shown.77 A similar connection
between those two factors was observed for ACTH-stimulated ACC cells incubated with S035. Such a
relation was not observed in non-stimulated ACC cells incubated with S035 and ATR-101 and not in
ACTH-stimulated ACC cells incubated with ATR-101. No strong conclusions can be drawn, because of
the low sample size.
Medical therapies of canine ACTH-independent hypercortisolism are limited. Therefore, new medical
therapies are warranted. According to the current study, it seems that ATR-101 has the potency to
become a suitable therapy of cortisol-producing ATs because of its anti-steroidgenic and anti-tumor
effects. S035 is not recommended, because no desired effects were observed. Just like mitotane, ATR101 had anti-steroidogenic and anti-tumor effects. Whether SOAT1 inhibition is part of the mechanism
of action, remains unclear. SOAT1 inhibitor S035 had no cortisol decreasing and apoptosis increasing
effects, suggesting that the effects of mitotane and ATR-101 were not due to SOAT1 inhibition. Maybe
the effects of mitotane and ATR-101 are due to interference with mitochondrial respiration.63,73,74
Based on the current study, SOAT1 inhibition cannot be excluded due to the low sample size. In the
future, a similar study needs to be performed. To determine whether SOAT1 inhibition is the cause of
the cortisol decreasing and apoptosis increasing effects of mitotane and ATR-101, the IC50 of the
esterase activity of SOAT1, of cortisol production and of apoptosis need to be determined. When the
IC50 of apoptosis and cortisol production are not similar to the IC50 of the esterase activity of SOAT1,
SOAT1 inhibition is not and the effects on mitochondrial respiration might are responsible for the
effects. Therefore, assays regarding the mitochondrial membrane potential, the activities of the
complexes of the oxidative phosphorylation and the ATP level of the cell need to be performed. When
the IC50 of SOAT1 esterase activity, apoptosis and cortisol production are similar, SOAT1 inhibition is
part of the mechanism of action. In that case, the relationship between SOAT1 inhibition and the
development of ER-stress needs to be clarified. Recently, it is demonstrated that mitotane directly
interacts with lipid bilayers containing phosphatidylethanolamine.78 The ER membranes are rich in
phosphatidylethanolamine, making it likely that mitotane could decrease membrane stability of the
ER. Decreased membrane stability could result in improper functioning of enzymes localized in the ER
membranes, for example SOAT1, but also sarcoplasmic/endoplasmic reticulum calcium ATPase
(SERCA). SERCA is responsible for maintaining high calcium concentration within the ER.
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Malfunctioning of SERCA could result in decreased calcium and thus disturbance of ER-chaperons.79
This, in turn, could lead to an imbalance between protein folding and loading: ER-stress. Via the UPR,
this could result in apoptosis.
Before starting additional research projects, it needs to be clarified at what concentration ATR101 exerts its effects the best and if co incubation with cholesterol is required. Currently, ATR-101 is
tested in a clinical phase II study.80 Perhaps, this study could yield information regarding effective
compound concentrations.
Current study has brought important preliminary data on SOAT1 inhibitors in dogs. It will serve
as a solid base for further studies about SOAT1 inhibitors in humans and dogs, which we are setting up
in cooperation with the Endocrine research group from the Medical Center from Würzburg, Germany.
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Appendix
Appendix 1: Animals
Table 13: Data of the normal adrenals (NAs), adrenocortical adenomas (ACAs) and adrenocortical carcinomas (ACCs) used
for quantitative real-time polymerase chain reaction (RT-qPCR) of sterol-O-acyl transferase 1 (SOAT1). The median age of
the dogs of which the NAs were obtained from was 777 days (IQR = 1102.). For the ACAs it was 3408 days (IQR = 1186) and
for the ACCs it was 3711 days (IQR = 854). F = female, FC = castrated female, M = male, MC = castrated male, * = dog of which
metastases were obtained from.

Type of tissue
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
ACA
ACA
ACA
ACA
ACA
ACA
ACA
ACA
ACA
ACA
ACA
ACA
ACA
ACA
ACA
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC

Dog breed
Unknown
Unknown
Unknown
Mixed-breed
Unknown
Beagle
Unknown
Mixed-breed
Mixed-breed
Mixed-breed
Unknown
Unknown
Mixed-breed
Tibetan Terrier
Mixed-breed
Miniature Wirehaired
Dachshund
Mixed-breed
Maltese Dog
Mixed-breed
West Highland White
Terrier
Miniature Wirehaired
Dachshund
Schnauzer
Yorkshire Terrier
Jack Russell Terrier
Jack Russell Terrier
Golden Retriever
Polish Lowland
Sheepdog
Dutch Decoy Dog
Chihuahua
Maltese Dog
Mixed-breed
Labrador Retriever
American
Staffordshire Terrier
Mixed-breed
Mixed-breed
Schnauzer
Belgian Malinois

Gender
Unknown
Unknown
Unknown
F
M
M
Unknown
F
F
F
Unknown
F
M
M
FC
FC

Age at time of adrenalectomy (days)
Unknown
Unknown
Unknown
453
475
1773
Unknown
691
Unknown
863
Unknown
1504
2958
4838
4209
3364

FC
FC
MC
FC

3981
3379
4196
3408

MC

2944

FC
FC
F
MC
MC
M

4883
4113
3023
4923
2119
3253

FC
F
F
F
FC
MC

4197
774
4017
3592
2593
2967

FC
F
MC
F

3845
2786
3462
3662
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ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC

Scotch Collie
Shih Tzu
White Swiss Shepherd
Labrador Retriever
Jack Russell Terrier
White Swiss Shepherd
Miniature Schnauzer
Labrador Retriever
French Bulldog
Labrador Retriever
Maltese Dog
German Pointer
Fox Terrier
Labrador Retriever
Basenji
Welsh Terrier
Miniature Wirehaired
Dachshund
Jack Russell Terrier
Weimaraner
Lhasa Apso
Maltese Dog
Scottish Terrier
Briard
Mixed-breed
Dutch Sheepdog
Golden Retriever
Mixed-breed
West Highland White
Terrier
Jack Russell Terrier
Shepherd
Labrador Retriever
Mixed-breed
Golden Retriever
Jack Russell Terrier

MC
MC
M
F
FC
M
M
FC
MC
MC
FC
M
M
FC
F
MC
FC

3967
4132
3382
2203
2331
3192
3983
3936
4182
4442
3896
4043
3996
3439*
4011*
3179
2541

FC
M
M
F
MC
FC
MC
MC
FC
F
FC

3681*
2974
3451
4354
2903
3254
4215
4210
2806
3297
3740

M
M
FC
MC
FC
M

4066
3830
3861
4701
4348
3496

60

Table 14: Data of normal adrenals (NAs), adrenocortical adenomas (ACAs) and adrenocortical carcinomas (ACCs) used for
immunohistochemistry (IHC) of SOAT1. The median age of the dogs of which the NAs were obtained from was 576 days (IQR:
-). For the ACAs it was 3658 days (IQR: 817) and for the ACCs it was 3845 days (IQR: 838). F = female, FC = castrated female,
M = male, MC = castrated male, * = dog of which metastases were obtained from.

Type of tissue
NA
NA
NA
NA
ACA
ACA
ACA
ACA
ACA
ACA
ACA
ACA
ACA
ACA
ACA
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC

Dog breed
Beagle
Mixed-breed
Mixed-breed
Unknown
Mixed-breed
Fox Terrier
Tibetan Terrier
Mixed-breed
Mixed-breed
Miniature Wirehaired
Dachshund
Mixed-breed
Maltese Dog
Mixed-breed
West Highland White
Terrier
Shepherd
Unknown
Dutch Decoy Dog
Chihuahua
Maltese Dog
Mixed-breed
Beagle
Bouvier des Flandres
Labrador Retriever
Labrador Retriever
American
Staffordshire Terrier
Mixed-breed
Standard long-haired
Dachshund
Mixed-breed
Schnauzer
Belgian Malinois
Scotch Collie
Shih Tzu
White Swiss Shepherd
Newfoundlander
Mixed-breed
Labrador Retriever
Australian Terrier
Jack Russell Terrier
White Swiss Shepherd
Miniature Schnauzer
Labrador Retriever
French Bulldog

Gender
M
F
F
Unknown
M
FC
M
FC
M
FC

Age at time of adrenalectomy (days)
1594
576
576
Unknown
2958
3402
4838
4209
4094
3364

FC
FC
MC
FC

3981
3379
4196
3408

FC
M
FC
F
F
F
F
FC
FC
FC
MC

3658
Unknown
4197
774
4017
3592
3887
4015
3329
2593
2967

FC
MC

3845
4529

F
MC
F
MC
MC
M
M
M
F
FC
FC
M
M
FC
MC

2786
3462
3662
3967
4132
3382
3018
3761
2203
4418
2331
3192
3983
3936
4182
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ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC
ACC

Labrador Retriever
Labrador Retriever
Maltese Dog
German Pointer
Fox Terrier
Labrador Retriever
Basenji
Welsh Terrier
Miniature Wirehaired
Dachshund

MC
FC
FC
M
M
FC
F
MC
FC

4442
4083
3896
4043
3996
3439*
4011
3179
2541

Table 15: Data of the normal adrenals (NAs) and adrenocortical carcinoma (ACC) used for our in vitro studies. The median
age of the dogs of which the NAs were obtained from was 468 days (IQR = 87). F = female, FC = castrated female, M = male.

Type of tissue

Dog breed

NA
NA
NA
NA

Mixed-breed
Mixed-breed
Mixed-breed
Mixed-breed

Gender Age at time of
adrenalectomy (days)
F
488
F
457
M
478
M
482

NA

Beagle

F

621

NA

Beagle

F

623

NA

Mixed-breed

M

426

NA

Mixed-breed

M

437

NA

Mixed-breed

M

428

NA

Mixed-breed

M

453

ACC

Cairn Terrier

FC

4206
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Purpose
Primer testing
Pilot study 1, lipidomics
Primer testing
Fluorescent imaging of lipid
droplets
Pilot study 2, Western Blot
UPR
Pilot study 2, Apo-Tox GloTM
Triplex mitotane and ethanol
Follow-up cortisol, Alamar
Blue Assay
Follow-up cortisol, Alamar
Blue Assay, Caspase-Glo®3/7
Assay
Follow-up cortisol, Alamar
Blue Assay
Follow-up cortisol, Alamar
Blue Assay, Caspase-Glo® 3/7
Assay
Follow-up cortisol, Alamar
Blue Assay, Caspase-Glo® 3/7
Assay

Appendix 2: SOAT1 protein expression
Appendix 2.1: ACAs

Figure 30: Sterol-O-acyl transferase 1 (SOAT1) protein expression of an adrenocortical adenoma (ACA) with an H-score of
2.1. The ACA shows some zona glomerulosa remnants (asterisk) (A, B and C). The ACA is intense vascularized (arrow) and
shows a more equal (D, E and F) and lobulated pattern (plus) (G, H and I). Scale bar represents 200 μM (A, D and G), 100 μM
(B, E and H) or 50 μM (C, F and I).
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Figure 31: Sterol-O-acyl transferase 1 (SOAT1) protein expression of an adrenocortical adenoma (ACA) with an H-score of
2.4. The ACA shows infiltration of polymorph nuclear cells (asterisk and plus) (A, B and C). The ACA shows a lobulated pattern
(arrow) (D, E and F). Scale bar represents 200 μM (A and D), 100 μM (B and E) or 50 μM (C and F).
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Figure 32: Sterol-O-acyl transferase 1 (SOAT1) protein expression in an adrenocortical adenoma (ACA) with an H-score of
5.0. The ACA shows megakaryocytes (arrow) and haematopoiesis (asterisk). Scale bar represents 200 μM (A and D), 100 μM
(B and E) or 50 μM (C and F).
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Figure 33: Sterol-O-acyl transferase 1 (SOAT1) protein expression in an adrenocortical adenoma (ACA) with an H-score of
5.0. The ACA shows a fine lobulated structure (asterisk) and a septum (arrow). Scale bar represents 200 μM (A), 100 μM (B)
or 50 μM (C).
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Figure 34: Sterol-O-acyl transferase 1 (SOAT1) protein expression in an adrenocortical adenoma (ACA) with an H-score of
7.6. Some zona glomerulosa remnants are visible (asterisk) (A and B). Part of the ACA stained stronger (D, E and F) than the
other part (A, B and C). Scale bar represents 200 μM (A and D), 100 μM (B and E) or 50 μM (C and F).
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Appendix 2.2: ACCs

Figure 35: Sterol-O-acyl transferase 1 (SOAT1) protein expression in an adrenocortical carcinoma (ACC) with an H-score of
0.8. Scale bar represents 200 μM (A), 100 μM (B) or 50 μM (C).
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Figure 36: Sterol-O-acyl transferase 1 (SOAT1) protein expression in an adrenocortical carcinoma (ACC) with an H-score of
2.1. The ACC was divided into two parts. One part of the ACC showed a lobulated pattern (asterisk), while the other part
showed no structure with some cells (plus). Scale bar represents 200 μM (A), 100 μM (B and D) or 50 μM (C and E).
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Figure 37: Sterol-O-acyl transferase 1 (SOAT1) protein expression in an adrenocortical carcinoma (ACC) with an H-score of
9.4. Part of the ACC stained stronger (A, B and C) than the other part (D, E and F). The ACC showed a lobulated pattern. Scale
bar represents 200 μM (A and D), 100 μM (B and H) or 50 μM (C and F).
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Figure 38: Sterol-O-acyl transferase 1 (SOAT1) protein expression in an adrenocortical carcinoma (ACC) with an H-score of
10.8. The ACC showed zona glomerulosa remnants (asterisk) (A, B and C) and a fine lobulated pattern (D, E and F). Scale bar
represents 200 μM (A and D), 100 μM (B and H) or 50 μM (C and F).
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Appendix 2.3: Control tissues

Figure 39: Sterol-O-acyl transferase 1 (SOAT1) protein expression in control tissues. SOAT1 protein was present in all control
tissues. The intensity of staining was the strongest in the liver (A), followed by colon (C and D) and muscle (B). Scale bar
represents 200 μM (A and B) or 100 μM (C and D).
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Appendix 3: Primers
Table 16: Primer pairs for quantitative real-time polymerase chain reaction (RT-qPCR). Primer pairs of BAX, BCl-2, Casp3,
CYP17, ERP72, HPRT, RPS5, RPS19, SDHA, SOAT1, SREBF1, SRPR and YWHAZ were developed before the start of this research
project. The remaining primer pairs were developed during this research project. In case of multiple transcript variants, all
accession numbers are mentioned. ATF4 = activating transcription factor 4, BAX = BCl-2 associated X, BCl-2 = B-cell lymphoma
2, bp = base pairs, Casp3 = caspase 3, CHOP = CCAAT/enhancer-binding protein homologous protein, CYP17 = 17αhydroxylase, EDEM1 = ER degradation enhancing α-mannosidase like protein 1, ERP72 = ER protein 72, For = forward primer,
GRP78 = glucose-regulated protein 78, HERPUD1 = homocysteine inducible endoplasmic reticulum protein with ubiquitin like
domain 1, HPRT = hypoxanthine-guanine phosphoribosyltransferase, p58ipk = DnaJ heat shock protein family member C3, Rev
= reverse primer, RPS5 = ribosomal protein S5, RPS19 = ribosomal protein S19, SDHA = succinate dehydrogenase complex
subunit A, SOAT1 = sterol-O-acyl transferase 1, SREBF1/2 = sterol regulatory element-binding transcription factor 1/2, SRPR
= signal recognition particle receptor, sXBP1 = spliced X-box binding protein, Ta = annealing temperature, uXBP1 = unspliced
X-box binding protein, YWHAZ = tyrosin-3-monooxygenase/tryptophan 5-monooxygenase.

Target gene

Sequence (5’ 3’)

Ta (ᴼC)

Accession number

Length of
product
(bp)

ATF4

For CTA-GGT-CTC-TTA-GAC-GAC-TAC-C
Rev AGG-CAT-CCT-CCT-TTC-CG
For CCT-TTT-GCT-TCA-GGG-TTT-CA
Rev CTC-AGC-TTC-TTG-GTG-GAT-GC
For TGG-AGA-GCG-TCA-ACC-GGG-AGATGT
Rev AGG-TGT-GCA-GAT-GCC-GGT-TCAGGT
For CGG-ACT-TCT-TGT-ATG-CTT-ACT-C
Rev CAC-AAA-GTG-ACT-GGA-TGA-ACC
For GGG-AGC-TGG-AAG-CCT-G
Rev TTT-GAT-TCT-TCC-TCC-TTG-TTT-CC

61.6

XM_854584.4

144

58-59

NM_001003011.1

108

62

NM_001002949.1

87

61

NM_001003042.1

89

62.7

XM_014117187.1
XM_005625542.2

102

For CCT-GCG-GCC-CCT-ATG-CTC
Rev GGC-CGG-TAC-CAC-TCC-TTC-TCA
For TAC-TAC-GCC-ATC-TGG-AAA-CG
Rev TTC-TTG-GTT-GCC-TGG-TAG-AG
For AGG-ACT-CAG-GAA-GAA-ATC-GT
Rev GAA-CTC-CAC-CAG-AAT-GAT-GTC
For GGA-AAG-AAG-GTA-ACC-CAT-GC
Rev CCA-AGC-CGT-AAG-CAA-TAG-C
For ATC-TCA-AGG-CCT-GAA-GCT-G
Rev TGC-ATG-TAG-TAC-TGC-CGC

60

XM_535000.3

134

59.4

XM_533753.4

136

64.9

XM_843145.5

140

60.5

XM_858292.4

150

64.4

127

For AGC-TTG-CTG-GTG-AAA-AGG-AC
Rev TTA-TAG-TCA-AGG-GCA-TAT-CC
For CAG-AGA-TGG-CAG-ATA-CAC-AG
Rev CTT-CAA-CAG-GCT-TCT-CAT-CC
For TCA-CTG-GTG-AGA-ACC-CCC-T
Rev CCT-GAT-TCA-CAC-GGC-GTA-G
For CCT-TCC-TCA-AAA-AGT-CTG-GG
Rev GTT-CTC-ATC-GTA-GGG-AGC-AAG
For GCCTTGGATCTCTTGATGGA
Rev TTCTTGGCTCTTATGCGATG
For CAA-CTA-TCC-TAG-GAC-TCC-CAG
Rev CAT-AGG-ACC-AGA-ACG-CGA
For CAC-TGA-AGC-AAA-GCT-GAA-TAAGTC
Rev TTC-TCC-TGC-TTG-AGC-TTC-TG

56 and
58
62.7

XM_845948.4
XM_014109341.1
XM_005617538.2
XM_005617539.2
NM_001003357.2
XM_005634019.2

136

62.5

XM_533568.5

141

61 and
63
61

XM_005616513.2

95

DQ402985.1

92

60.3

XM_005622465.2

164

61-66

XM_014113166.1

95

BAX
Bcl-2

Casp3
CHOP

CYP17
EDEM1
ERP72
GRP78
HERPUD1

HPRT
P58ipk
RPS5
RPS19
SDHA
SOAT1
SREBF1

73

104

SREBF2
SRPR
sXBP1
uXBP1
YWHAZ

For TTG-AGA-AGC-GGT-ATC-GTT-CC
Rev CTT-GTG-CAT-CTT-GGC-ATC-TG
For GCT-TCA-GGA-TCT-GGA-CTG-C
Rev GTT-CCC-TTG-GTA-GCA-CTG-G
For TGA-GAA-CCA-GGA-GTT-AAG-AC
Rev GCT-GCG-GAC-TCA-GCA-GAC-C
For CTC-ATG-GCC-TTG-TAG-TTG-AG
Rev CAC-GTA-GTC-TGA-GTG-CTG
For CGA-AGT-TGC-TGC-TGG-TGA
Rev TTG-CAT-TTC-CTT-TTT-GCT-GA

74

61.6

85

61.2

XM_843994.4
XM_014117321.1
XM_546411.5

62.7

Unknown

120

59.4

XM_849540.4

149

58

XM_843951.5

94

81

Appendix 4: Absolute data
Appendix 4.1: Pilot study 1
A. Cortisol concentration (nmol/L) of
non-stimulated normal adrenocortical
cells after 6 hours

B. Cortisol concentration (nmol/L) of
ACTH-stimulated normal
adrenocortical cells after 6 hours
150

Cortisol (nmol/L)

Cortisol (nmol/L)

150
100
50
0

100
50
0

0

100

0

Concentration (µM)
Mitotane

100

Concentration (µM)

S035

Mitotane

S035

Figure 40: Effects of mitotane and Sandoz 58-035 (S035) on the cortisol concentration (nmol/L) of non-stimulated (A) and
ACTH-stimulated (B) normal adrenocortical cells (n=1) after 6 hours.

B. Number of proteins (μg) of ACTHstimulated normal adrenocortical
cells after 6 hours

2

2

1,5

1,5

Protein (μg)

Protein (μg)

A. Number of proteins (μg) of nonstimulated normal adrenocortical
cells after 6 hours

1
0,5
0

1
0,5
0

0

100

0

Concentration (μM)
Mitotane

100

Concentration (μM)

S035

Mitotane

S035

Figure 41: Effects of mitotane and Sandoz 58-035 (S035) on the amount of protein (μg) of non-stimulated (A) and ACTHstimulated (B) normal adrenocortical cells (n=1) after 6 hours.
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B. Cortisol concentration (nmol/mg)
of ACTH-stimulated normal
adrenocortical cells after 6 hours
Cortisol (nmol/mg protein)
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Figure 42: Effects of mitotane and Sandoz 58-035 (S035) on the cortisol concentration (nmol/mg protein) of non-stimulated
(A) and stimulated (B) normal adrenocortical cells (n=1) after 6 hours.
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Figure 43: Effects of mitotane and Sandoz 58-035 (S035) on the cortisol concentration (nmol/L) of non-stimulated (A) and
ACTH-stimulated (B) normal adrenocortical cells (n=1) after 24 hours.
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B. Number of proteins (μg) of ACTHstimulated normal adrenocortical
cells after 24 hours
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Figure 44: Effects of mitotane and Sandoz 58-035 (S035) on the amount of protein (μg) of non-stimulated (A) and ACTHstimulated (B) normal adrenocortical cells (n=1) after 24 hours.
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Figure 45: Effects of mitotane and Sandoz 58-035 (S035) on the cortisol concentration (nmol/mg protein) of non-stimulated
(A) and ACTH-stimulated (B) normal adrenocortical cells (n=1) after 24 hours.
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Appendix 4.2: Pilot study 2
A. Cortisol concentration (nmol/L) of
non-stimulated normal adrenocortical
cells after 6 hours

B. Cortisol concentration (nmol/L) of
ACTH-stimulated normal
adrenocortical cells after 6 hours
600

Cortisol (nmol/L)

Cortisol (nmol/L)

600
500
400
300
200
100

500
400
300
200
100

0

0
0

1

2

5

10

20

50

100

0

1

Concentration (nM/μM)
Mitotane

S035

2

5

10

20

50

100

Concentration (nM/μM)

ATR-101

Mitotane

S035

ATR-101

Figure 46: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on the cortisol concentration (nmol/L) of non-stimulated
(A) and ACTH-stimulated (B) normal adrenocortical cells (n=2) after 6 hours.
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Figure 47: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on the amount of protein (μg) of non-stimulated (A) and
ACTH-stimulated (B) normal adrenocortical cells (n=2) after 6 hours.
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Figure 48: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on the cortisol concentration (nmol/mg protein) of nonstimulated (A) and ACTH-stimulated (B) normal adrenocortical cells (n=2) after 6 hours.

Appendix 4.3: Follow-up cortisol
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Figure 49: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on the cortisol concentration (nmol/L) of non-stimulated
(A) and ACTH-stimulated (B) normal adrenocortical cells (n=4) after 24 hours.
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Figure 50: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on the amount of protein (μg) of non-stimulated (A) and
ACTH-stimulated (B) normal adrenocortical cells (n=4) after 24 hours.
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Figure 51: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on the cortisol concentration (nmol/mg protein) of nonstimulated (A) and ACTH-stimulated (B) normal adrenocortical cells (n=4) after 24 hours.
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Figure 52: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on the cortisol concentration (nmol/L) of non-stimulated
(A) and ACTH-stimulated (B) adrenocortical carcinoma (ACC) cells (n=1) after 24 hours.
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Figure 53: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on the amount of protein (μg) of non-stimulated (A) and
ACTH-stimulated (B) adrenocortical carcinoma (ACC) cells (n=1) after 24 hours.
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Figure 54: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on the cortisol concentration (nmol/mg protein) of nonstimulated (A) and ACTH-stimulated (B) adrenocortical carcinoma (ACC) cells (n=1) after 24 hours.

Appendix 4.4: ApoTox-GloTM Triplex Assay
B. Effects of mitotane on viability,
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Figure 55: Effects of mitotane on viability, cytotoxicity and apoptosis of non-stimulated (A) and ACTH-stimulated (B) normal
adrenocortical cells (n=1) after 24 hours measured by the ApoTox-GloTM Triplex Assay. RFU = relative fluorescence units,
RLU = relative luminescence units.
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Figure 56: Effects of ethanol on viability, cytotoxicity and apoptosis of non-stimulated (A) and ACTH-stimulated (B) normal
adrenocortical cells (n=1) after 24 hours measured by the ApoTox-GloTM Triplex Assay. RFU = relative fluorescence units,
RLU = relative luminescence units.

Appendix 4.5: Follow-up apoptosis and viability
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Figure 57: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on apoptosis of non-stimulated normal adrenocortical
cells (n=2) after 24 hours measured by the Caspase-Glo® 3/7 Assay. RLU = relative luminescence units.
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Figure 58: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on viability of non-stimulated (A) and ACTH-stimulated
(B) normal adrenocortical cells (n=4) after 24 hours measured by the alamarBlue® Assay. RFU = relative fluorescence units.
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Figure 59: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on apoptosis of non-stimulated adrenocortical carcinoma
(ACC) cells (n=1) after 24 hours measured by the Caspase-Glo® 3/7 Assay. RLU = relative luminescence units.
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Figure 60: Effects of mitotane, Sandoz 58-035 (S035) and ATR-101 on viability of non-stimulated (A) and ACTH-stimulated
(B) adrenocortical carcinoma (ACC) cells (n=1) after 24 hours measured by the alamarBlue® Assay. RFU = relative
fluorescence units.
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Appendix 5: Lipidomics

Figure 61: Effects of mitotane and Sandoz 58-035 (S035) on lipid metabolism of non-stimulated and ACTH-stimulated
normal adrenocortical cells (n=1) after 6 and 24 hours.
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