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Figure 1
Schematic representation of steroidogenesis in the adrenal cortex.
Upon ACTH stimulation, steroidogenic acute regulatory protein (StAR) facilitates transport of cholesterol to
the inner mitochondrial membrane, where it is converted to pregnenolone by cytochrome P450 cholesterol
side chain cleavage (CYP11A). Subsequently, pregnenolone is converted through multiple enzyme steps to
either aldosterone (mineralocorticoid pathway), cortisol (glucocorticoid pathway) or testosterone (androgen
pathway).
Abbreviations: HSD3B: 3 hydroxysteroid dehydrogenase, CYP17: 17 hydroxylase/17,20 lyase, CYP21: 21
hydroxylase, CYP11B1: 11 hydroxylase type 1, 17 HSD: 17 hydroxysteroid dehydrogenase
Illustration from: Galac S, Reusch CE, Kooistra HS, Rijnberk A. Adrenals. In: Clinical endocrinology of dogs and
cats, Hannover: Schlütersche; 2010, p. 95
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Figure 2
Zonation of the adrenal cortex.
Schematic illustration of the functional zonation of the adrenal gland (A), showing in cross section the
medulla and the cortex, which is subdivided into three functional zones. The subcapsular zona glomerulosa
(ZG) produces mainly mineralocorticoids, the middle zona fasciculata (ZF) is the main source of cortisol
secretion and the inner zona reticularis (ZR) produces mainly androgens. Haematoxylin and eosin (HE) stained
section of the adrenal cortex (B), showing the capsule and the three cortical zones.
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Figure 3
Schematic illustration of cortisol regulation by the hypothalamic – pituitary – adrenocortical (HPA) axis.
In response to stress, episodic or immune mediated signals, corticotropin releasing hormone (CRH) and
arginine vasopressin (AVP) from the hypothalamus induce adrenocorticotropic hormone (ACTH) production
and release in the anterior lobe of the pituitary gland. In the adrenal cortex, ACTH stimulates the production
and secretion of cortisol. By a negative feedback mechanism, plasma cortisol inhibits both CRH and ACTH
release, thus creating a negative feedback loop that controls cortisol levels.
Illustration from: Galac S, Reusch CE, Kooistra HS, Rijnberk A. Adrenals. In: Clinical endocrinology of dogs and
cats, Hannover: Schlütersche; 2010, p. 98
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Figure 4
Schematic overview of the MC2R cAMP PKA pathway.
Binding of ACTH to the MC2R activates adenylate cyclase (AC) through Gs . AC converts ATP to cAMP, which
separates protein kinase A (PKA) from its regulatory subunit PRKAR1A, enabling it to phosphorylate (P) and
subsequently activate transcription factors (TF). Phosphodiesterase (PDE) inhibits the pathway by converting
the active cAMP to inactive AMP.
Abbreviations: MC2R: melanocortin 2 receptor, Gs : stimulatory G protein alpha subunit, ATP: adenosine
triphosphate, cAMP: cyclic adenosine monophosphate, AMP: adenosine monophosphate, PRKAR1A: protein
kinase A regulatory subunit 1A
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MC2R GNAS
PRKAR1A

Figure 1
Schematic overview of the MC2R cAMP PKA pathway. Binding of ACTH to the MC2R activates adenylate
cyclase (AC) through Gs . AC converts ATP to cAMP, which separates protein kinase A (PKA) from its
regulatory subunit PRKAR1A, enabling it to phosphorylate (P) and subsequently activate transcription factors
(TF). Phosphodiesterase (PDE) inhibits the pathway by converting the active cAMP to inactive AMP.
Abbreviations: MC2R: melanocortin 2 receptor, Gs : stimulatory G protein alpha subunit, ATP: adenosine
triphosphate, cAMP: cyclic adenosine monophosphate, AMP: adenosine monophosphate, PRKAR1A: protein
kinase A regulatory subunit 1A
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PCR

MC2R

PCR primers

MC2R
MC2R
MC2R
MC2R
GNAS
GNAS
PRKAR1A
PRKAR1A

Table 1
PCR primers for the amplification of canine MC2R, GNAS and PRKAR1A. All positions are based on the mRNA
sequence, as published on the NCBI website. Accession numbers used: MC2R: XM_003638756.1, GNAS:
NM_001003263.1, PRKAR1A: XM_537577.3.
Abbreviations: MC2R: melanocortin 2 receptor, GNAS: stimulatory G protein alpha subunit, PRKAR1A: protein
kinase A regulatory subunit 1A, Fw: Forward primer, Rv: Reverse primer
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Sequencing

Sequence primers

MC2R
MC2R
GNAS
GNAS
GNAS
GNAS
GNAS
PRKAR1A
PRKAR1A
PRKAR1A
PRKAR1A
PRKAR1A
PRKAR1A
PRKAR1A
PRKAR1A
PRKAR1A
PRKAR1A

Table 2
Sequencing primers for the mutation analysis of canine MC2R, GNAS and PRKAR1A. All positions are based on
the mRNA sequence, as published on the NCBI website. Accession numbers used: MC2R: XM_003638756.1,
GNAS: NM_001003263.1, PRKAR1A: XM_537577.3.
Abbreviations: MC2R: melanocortin 2 receptor, GNAS: stimulatory G protein alpha subunit, PRKAR1A: protein
kinase A regulatory subunit 1A, Fw: Forward primer, Rv: Reverse primer
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GNAS

Figure 2
Representative examples of the mutations found in codon 291 of the MC2R (A) and in codons 201 (B), 203 (C)
and 227 (D) of GNAS in canine cortisol secreting ATs. Reference sequences are based on XM_003638756.1
(MC2R) and NM_001003263.1 (GNAS). WT: wild type.
Abbreviations: MC2R: melanocortin 2 receptor, GNAS: stimulatory G protein alpha subunit
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Mutation

C T
G A
C A
G T
G T
A G
T C

Table 3
Overview of all missense mutations of GNAS in 44 canine cortisol secreting ATs. All nucleotide positions are
based on the mRNA sequence (NM_001003263.1), as published on the NCBI website. All amino acid positions
are based on the protein sequence (NP_001003263.1), as published on the NCBI website.
Abbreviations: GNAS: stimulatory G protein alpha subunit
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Table 1
Quantitative RT PCR primer pairs for the detection of GH receptor (GHR), progesterone receptor (PR),
somatostatin receptors 1 3 and 5 (SSTR1 3 and 5) and dopamine receptors 1, 2 and 5 (DRD1, D2 and D5). NCBI
accession numbers used: GHR: NM_001003123.1, PR: NM_001003074.1, SSTR1: NM_001031816.1, SSTR2:
NM_001031817.1, SSTR5: NM_001286852.1, DRD1: XM_005619193.1, DRD2: NM_001003110.1, DRD5:
XM_005618578.1
Abbreviations: Fw: Forward primer, Rv: Reverse primer

qPCR primers

cf_GHR Fw
Rv

cf_PR Fw
Rv

cf_SSTR1 Fw
Rv

cf_SSTR2 Fw
Rv

cf_SSTR3 Fw
Rv

cf_SSTR5 Fw
Rv

cf_DRD1 Fw
Rv

cf_DRD2 Fw
Rv

cf_DRD5 Fw
Rv
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Figure 1
Box and whisker plot depicting the relative mRNA expression of GH receptor (GHR), progesterone receptor
(PR), somatostatin receptors (SSTR) 1, 2 and 5 and dopamine receptors (DRD1, DRD2 and DRD5) in 36 canine
ATs (11 adenomas and 25 carcinomas) and 15 normal adrenal glands. (A) Relative expression in adenomas
and carcinomas when compared to normal adrenal glands. (B) Relative expression in ATs with recurrence
within 2.5 yr after adrenalectomy when compared with ATs remaining in remission for at least 2.5 yr.
Significant changes (P < 0.025 for A and P < 0.05 for B) are marked with an asterisk.
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Figure 1
Representative examples of immunohistochemical expression of steroidogenic factor 1 (SF 1) in zona
glomerulosa and zona fasciculata of a normal canine adrenal gland (A) and cortisol secreting adrenocortical
adenoma (B) and carcinoma (C). Scale bars represent 100 μm (A) and 50 μm (B and C).
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PCR primers

cf_ANGPT1 Fw
Rv

cf_ANGPT2 Fw
Rv

cf_ANGPT2 FL Fw
Rv

cf_ANGPT2443 Fw
Rv

cf_Tie2 Fw
Rv

cf_VEGF Fw
Rv

cf_VEGFR1 Fw
Rv

cf_VEGFR2 Fw
Rv

cf_bFGF Fw
Rv

hs_ANGPT2 Fw
Rv

hs_TBP Fw
Rv

hs_RPS19 Fw
Rv

Table 1
PCR primer pairs used for amplification in human and canine samples of canine Angiopoietin (ANGPT) 1 and
2, ANGPT2 full length (FL) and ANGPT2443, Tie2, Vascular endothelial growth factor (VEGF), VEGF receptor
(VEGFR) 1 and 2, basic fibroblast growth factor (bFGF) and human ANGPT2, Tata binding protein (TBP) and
ribosomal protein S19 (RPS19). All positions are based on the mRNA sequence, as published on the NCBI
GenBank database. Accession numbers used: canine ANGPT1: NM_001005754, ANGPT2: NM_001048126.1,
Tie2: AF282848, VEGF: NM_001003175.2, VEGFR1: XM_534520, VEGFR2: NM_001048024.1, bFGF:
XM_533298.1. Human ANGPT2: NM_001147.2, TBP: NM_003194.4, RPS19: NM_001022.3
Abbreviations: cf: Canis familiaris, hs: Homo sapiens
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Results

Canine cortisol secreting ATs overexpress ANGPT2 and have an increased
ANGPT2/ANGPT1 ratio
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Immunohistochemical staining for ANGPT2 is present in both tumor cells and vascular
endothelial cells in canine ATs, and virtually absent in normal adrenals

Figure 1
Relative expression levels of target genes and proteins in 38 canine ATs and 15 normal adrenal glands.
Relative mRNA expression of target genes in canine cortisol secreting adenomas (A) and carcinomas (C) when
compared with normal adrenal glands (N), as measured by qPCR and calculated using the 2^ Ct method.
(A) ANGPT2/ANGPT1 ratios in N, A and C. (B) Representative example of Western Blot results, showing
ANGPT2 full length (FL) (68 kDa) and ANGPT2443 (61 kDa) bands in N, A and C and corresponding Tubulin
bands (55 kDa). (C) Graph representing the protein expression levels of both isoforms of ANGPT2 in N, A, and
C samples. (D) Bars represent mean +/ SEM. Significant changes (P < 0.05) are marked with an asterisk.
Abbreviations: ANGPT: Angiopoietin, FL: Full length variant, bFGF: basic Fibroblast Growth Factor, VEGF:
Vascular Endothelial Growth Factor, VEGFR: VEGF receptor
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Figure 2
Immunohistochemical staining for Angiopoietin 2 in 17 ATs and 4 normal adrenal glands. Representative
examples of immunohistochemical staining for Angiopoietin 2 in human placenta (human positive control
tissue) (A), canine ovary (canine positive control tissue) (B), normal canine adrenal cortex (C), tumor cell
staining in canine cortisol secreting adrenocortical adenoma (D), tumor cell and endothelial staining in canine
cortisol secreting adrenocortical carcinoma (E), and in the same carcinoma with antibody pre incubated with
blocking peptide (F).
Bars represent 50 μm (A), 100 μm (B and D F) and 200 μm (C) respectively.
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Figure 3
Immunohistochemical staining for Tie2 in 6 ATs and 3 normal adrenal glands. Representative examples of
immunohistochemical staining for Angiopoietin receptor Tie2 in normal canine adrenal cortex (overview) (A),
normal canine adrenal cortex (detail, including blood vessel) (B) canine ovary (positive control tissue) (C) and
canine cortisol secreting adrenocortical carcinoma showing extensive vasculature, Tie2 positive vascular
endothelial cells and focal areas of positive tumor cells (D).
Bars represent 500 μm (A) or 100 μm (B D), respectively.
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Cyclic AMP stimulates ANGPT2 mRNA expression in H295R cells

ANGPT2
P

ANGPT2
ANGPT2 P

Discussion

Figure 4
Effect of 8 bromo cAMP stimulation of H295R cells on cortisol production. Dose dependent stimulation of
cortisol production in human H295R cells as a function of time after stimulation with 8 bromo cAMP. Cortisol
production is depicted as a fold change towards the production in non stimulated cells cultured under the
same conditions and for the same period of time. Significant changes (P < 0.05) are marked with an asterisk.
Legend: cAMP 5, 4 and 3: stimulation with 8 bromo cAMP in respectively 10 5, 10 4 and 10 3 M
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ANGPT2 ANGPT1

Figure 5
Relative mRNA expression of ANGPT2 upon stimulation of H295R cells. Effects of stimulation with 8 bromo
cAMP (A, 10 3M), dexamethasone (B, 10 7M) and progesterone (C, 2.10 8 M) on mRNA expression levels of
ANGPT2 as a function of time in H295R human adrenocortical carcinoma cells. Effect on relative expression
levels is depicted as a fold change towards the expression in non stimulated cells cultured under the same
culture conditions and for the same period of time. Significant changes (P < 0.05) are marked with an asterisk.
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Figure 1
Schematic representation of the canonical Wnt signaling pathway. In a cell with quiescent Wnt signaling
(left), secreted frizzled related protein 1 (SFRP1) and Wnt inhibitory factor 1 (WIF) inhibit the binding of Wnt
ligands to the frizzled receptor (Frz). Dickkopf 3 (DKK3) inhibits Wnt signaling by its interaction with co
receptor lipoprotein receptor related protein (LRP). In the cytoplasm, a complex formed by adenomatous
polyposis coli (APC), Axin and glycogen synthase 3 (GSK3 ) phosphorylates catenin, thus targeting it for
proteasomal degradation. Consequently, no target gene transcription takes place.
In a cell with activated Wnt signaling (right), Wnt ligands are able to bind to Frz, upon which disheveled (Dvl)
inhibits the actions of the APC Axin GSK3 complex. As a result, catenin is stabilized and accumulates,
allowing it to translocate to the nucleus. There it binds to the T cell factor (TCF) transcription factor, and
induces mRNA expression of target genes such as AXIN2, CyclinD1 (CCND1) and c MYC (MYC). Through its
target genes, activation of the Wnt pathway results in increased cell survival, cell proliferation and
tumorigenesis.
Target genes for qPCR analysis in this study are indicated in bold italic lettering.
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Table 1
PCR primers for the mRNA amplification of canine catenin (CTNNB1) and AXIN2. All positions are based on
the mRNA sequence, as published on the NCBI website (http://www.ncbi.nlm.nih.gov/). Accession numbers
used: CTNNB1: NM_001137652.1, AXIN2: XM_548025.4
Abbreviations: Fw: Forward primer, Rv: Reverse primer

Genomic
primers
CTNNB1
CTNNB1
CTNNB1
CTNNB1
AXIN2
AXIN2

Table 2
PCR primers for the genomic amplification of canine catenin (CTNNB1) and AXIN2. All positions are based
on the genomic sequence, as published on the NCBI website (http://www.ncbi.nlm.nih.gov/). Accession
numbers used: CTNNB1: NC_006605.3, AXIN2: NC_006591.3
Abbreviation: Fw: Forward primer, Rv: Reverse primer

mRNA PCR
primers
CTNNB1
CTNNB1
AXIN2
AXIN2
AXIN2
AXIN2
AXIN2
AXIN2
AXIN2
AXIN2
AXIN2
AXIN2
AXIN2
AXIN2
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Sequence
primers
CTNNB1
CTNNB1
CTNNB1
CTNNB1
CTNNB1
CTNNB1
CTNNB1
CTNNB1
CTNNB1
CTNNB1
AXIN2
AXIN2
AXIN2
AXIN2
AXIN2
AXIN2

Table 3
Sequence primers for the mutation analysis of canine catenin (CTNNB1) and AXIN2. All positions are based
on the mRNA sequence, as published on the NCBI website (http://www.ncbi.nlm.nih.gov/). Accession
numbers used: CTNNB1: NM_001137652.1, AXIN2: XM_548025.4
Fw: Forward primer, Rv: Reverse primer

in silico
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qPCR
primers
AXIN2
AXIN2
MYC
MYC
CCND1
CCND1
WNT2
WNT2
WNT3
WNT3
WNT4
WNT4
WNT5A
WNT5A
WNT5B
WNT5B
WNT6
WNT6
WNT7A
WNT7A
WNT10B
WNT10B
WIF1
WIF1
SFRP1
SFRP1
DKK3
DKK3

Table 4
Primer pairs for qPCR amplification of Wnt target genes (CyclinD1 (CCND1), V Myc Avian Myelocytomatosis
Viral Oncogene Homolog (MYC) and AXIN2), Wnt ligands (WNT2, WNT3, WNT4, WNT5A, WNT5B, WNT6,
WNT7A, WNT10B) and Wnt inhibitors (Wnt inhibitory factor 1 (WIF1), secreted frizzled related protein 1
(SFRP1) and Dickkopf 3 (DKK3)). All positions are based on the mRNA sequence, as published on the NCBI
website (http://www.ncbi.nlm.nih.gov/). Accession numbers used: AXIN2: XM_548025.4, MYC:
NM_001003246.2, CCND1: NM_001005757.1, WNT2: XM_849870.2, WNT3: XM_845071.3, WNT4:
XM_005617834.1, WNT5A: XM_005632414.1, WNT5B: XM_543883.4, WNT6: XM_005640667.1, WNT7A:
XM_844117.3, WNT10B: XM_543687.3, WIF1: XM_538269.4, SFRP1: XM_003639564.2, DKK3: XM_534060.4
Abbreviations: Fw: Forward primer, Rv: Reverse primer
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AXIN2

Figure 2
Immunohistochemical staining for catenin. Representative examples of immunohistochemical staining for
catenin, only membranous staining was detected in the zona fasciculata of normal canine adrenal cortex

(A). Ten of the ATs exhibited only membranous staining (B), 13 ATs showed only cytoplasmic accumulation
without nuclear staining (C), and 10 ATs showed a nucleo cytoplasmic staining pattern (D). Bars represent 50
μm
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Relative expression of Wnt target genes, Wnt ligands and Wnt inhibitors

CCND1 P

AXIN2 MYC

Mutation

CTNNB1

AXIN2

Table 5
Overview of the non synonymous mutations detected in CCND1 and AXIN2. For each mutation, the table lists
the number of positive adrenocortical tumors (ATs), tumor association (based on genomic DNA sequencing of
either the affected patient or multiple healthy dogs from the same breed), the presence or absence of nucleo
cytoplasmic immunohistochemical catenin staining, SIFT scores (on a scale of 0 to 1, scores > 0.05 are
predicted to be tolerated and scores < 0.05 are predicted to affect protein function), Polyphen2 scores (on a
scale of 0 to 1, 1 = predicted to be benign and 1 = predicted to be deleterious) and ConSurf conservation
scores (on a scale from 1 to 9, 1 = highly variable and 9 = highly conserved) of the affected residues.
Abbreviations: CTNNB1: catenin, A: adenoma, C: carcinoma, NA: non applicable, F: predicted functional
residue
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Figure 4
Relative mRNA expression of target genes in 11 canine cortisol secreting adenomas and 25 carcinomas.
Relative expression in adenomas and carcinomas, as a fold change toward the mean expression in 15 normal
adrenal glands, as measured by qPCR and calculated using the 2^ Ct method (A). Relative expression levels
in ATs with an activating G protein stimulatory subunit alpha (GNAS) mutation, as a fold change toward the
mean expression in wild type ATs (B). Bars represent mean fold change +/ SEM. Significant changes (P < 0.05)
are marked with an asterisk.
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Figure 1
Schematic representation of the PI3K signaling pathway. Upon ligand binding the epidermal growth factor
receptors (EGFR and ERBB 2 4) form homo and heterodimers, activating their tyrosine kinase domain. The
IGF receptors (IGFR1 and IGFR2) are activated by the binding of insulin like growth factor (IGF) I or II. IGF
actions are modulated by high affinity IGF binding proteins (IGFBP 2 6). IGFR1 and the EGF receptors relay
their intracellular signal to phosphatidylinositol 3 kinase (PI3K), which converts the inactive PIP2 to the active
PIP3. Phosphatase and tensin homolog (PTEN) counters PI3K action by converting PIP3 back to PIP2. PIP3
production leads to the phosphorylation of AKT to phospho AKT (P AKT), which in turn activates SGK1 and
XIAP through phosphorylation, while it induces mRNA expression of target genes ID1, ID2, SNAI1, SNAI2,
BCL2L1 and CCND1, and inhibits mRNA expression of TRAIL. Through its target genes, activation of the PI3K
pathway results in increased cell survival, proliferation and growth. Target genes for qPCR analysis in this
study are indicated in dark grey.
Abbreviations: SGK1: serum glucocorticoid regulated kinase 1, XIAP: X linked inhibitor of apoptosis, ID1:
inhibitor of differentiation 1, ID2: inhibitor of differentiation 2, SNAI1: snail, SNAI2: slug, BCL2L1: B cell
lymphoma 2 related protein, CCND1: cyclin D1, TRAIL: tumor necrosis factor superfamily member 10
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EGFR
ERBB2 4 SNAI1

SNAI2 BCL2L1 CCND1
ID1 ID2

TNFSF10 TRAIL SGK1
XIAP PTEN

RPS5 RPS19 SPRP
HPRT

IGF I IGF II IGFR1 IGFR2
IGFBP 2 6 INSR

RPS5 RPS19 SPRP
GUSB

Mutation analysis

PTEN PIK3CA

PTEN

s
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qPCR
primers
SNAI1 Fw

Rv
SNAI2 Fw

Rv
BCL2L1 Fw

Rv
ID1 Fw

Rv
ID2 Fw

Rv
CCND1 Fw

Rv
TNFSF10 Fw

Rv
SGK11 Fw

Rv
XIAP Fw

Rv

Table 1
Quantitative RT PCR primer pairs for the detection of PI3K target genes: Snail (SNAI1), Slug (SNAI2), B cell
lymphoma 2 related protein (BCL2L1), inhibitor of DNA binding 1 and 2 (ID1 and ID2), CyclinD1 (CCND1),
serum/glucocorticoid regulated kinase 1 (SGK11), tumor necrosis factor superfamily member 10 (TNFSF10 or
TRAIL) and X linked inhibitor of apoptosis (XIAP). All positions are based on the mRNA sequence, as published
on the NCBI website. Accession numbers used: SNAI1: XM_543048.1, SNAI2: XM_543048.1, CDH1:
XM_536807.3, BCL2L1: NM_001003072.1, ID1: XM_847117.2, ID2: XR_134413.1, CCND1: NM_001005757.1,
SGK11: XM_003432525.1, TNFSF10: NM_001130836, XIAP: XM_003435664.1
Abbreviations: Fw: Forward primer, Rv: Reverse primer
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qPCR
primers
EGFR Fw

Rv
ERBB2 Fw

Rv
ERBB3 Fw

Rv
ERBB4 Fw

Rv
PTEN Fw

Rv
IGF I Fw

Rv
IGF II Fw

Rv
IGFR1 Fw

Rv
IGFR2 Fw

Rv
IGFBP2 Fw

Rv
IGFBP3 Fw

Rv
IGFBP4 Fw

Rv
IGFBP5 Fw

Rv
IGFBP6 Fw

Rv
INSR Fw

Rv

Table 2
Quantitative RT PCR primer pairs for the detection of genes encoding components of the IGF and EGF axis,
and PTEN: Epidermal growth factor receptor (EGFR), erythroblastic leukemia viral oncogene homolog 2 4
(ERBB2 4), phosphatase and tensin homolog (PTEN), insulin like growth factor 1 and 2 (IGF I and IGF II), IFG
receptor type 1and 2 (IGFR1 and IGFR2), IGF binding protein 2 6 (IGFBP 2 6) and insulin receptor (INSR). All
positions are based on the mRNA sequence, as published on the NCBI website. Accession numbers used:
EGFR: XM_533073.3, ERBB2: NM_001003217.1, ERBB3: XM_538226.4, ERBB4: XM_003640190.2, PTEN:
NM_001003192.1, IGF I: XM_848024.1, IGF II: XM_858107.1, IGFR1: XM_853622.1, IGF IIR: NM_001122602,
IGFBP2: XM_545637.2, IGFBP3: XM_548740.2, IGFBP4: XM_845091.1, IGFBP5: XM_847792.1, IGFBP6:
XM_844250, INSR: XM_542108.
Abbreviations: Fw: Forward primer, Rv: Reverse primer
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Statistical analyses

Results

Relative mRNA expression of PI3K target genes

PCR primers

cf_PTEN Fw75
Rv822
Fw718
Rv1460

cf_PIK3CA F1
R1537
Fw1438
Rv1887
Fw1516
Rv3359

Table 3
PCR primers pairs for amplification of phosphatase and tensin homolog (PTEN) and phosphatidylinositol 3
kinase, catalytic subunit alpha (PIK3CA). All positions are based on the mRNA sequence, as published on the
NCBI website. Accession numbers used: PTEN: NM_001003192.1, PIK3CA: XM_545208.3
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ID1 ID2 SNAI1 SNAI2 CCND1 BCL2L1
TRAIL

ID1 P
SNAI1 P SGK1 P

TRAIL P

Sequence
primers
cf_PTEN Fw474

Fw1157
Rv249
Rv595
Rv1285

cf_PIK3CA Fw375
Fw707
Fw1153
Fw1483
Fw1767
Fw2183
Fw2582
Fw2806
Fw2963
Rv358
Rv730
Rv1236
Rv1750
Rv2205
Rv2642
Rv2993
Rv3271

Table 4
Sequencing primers for the mutation analysis of phosphatase and tensin homolog (PTEN) and
phosphatidylinositol 3 kinase, catalytic subunit alpha (PIK3CA). All positions are based on the mRNA
sequence, as published on the NCBI website. Accession numbers used: PTEN: NM_001003192.1, PIK3CA:
XM_545208.3
Abbreviations: Fw: Forward primer, Rv: Reverse primer
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Figure 2
Box and whisker plot describing the relative mRNA expression of PI3K target genes in 37 canine ATs and 15
normal adrenal glands, as measured by qPCR and calculated using the 2 CT method. Relative expression in
adenomas and carcinomas when compared to normal adrenal glands (A). Relative expression in ATs with
recurrence within 2.5 yr after adrenalectomy, when compared with ATs remaining in remission for at least 2.5
yr (B).
Significant changes (P < 0.05 for A and P < 0.025 for B) are marked with an asterisk.
Abbreviations: N: normal adrenal gland, C: adrenocortical carcinoma, A: adrenocortical adenoma, SNAI1:
Snail, SNAI2: Slug, BCL2L1: B cell lymphoma 2 related protein, ID1 and ID2: inhibitor of DNA binding 1 and 2,
CCND1: CyclinD1, SGK11: serum/glucocorticoid regulated kinase 1, TNFSF1: tumor necrosis factor superfamily
member 10, XIAP: X linked inhibitor of apoptosis
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Figure 3
Box and whisker plot describing the relative mRNA expression of genes encoding components of the IGF and
EGF axis, and PTEN in 37 canine ATs and 15 normal adrenal glands, as measured by qPCR and calculated
using the 2 CT method. Relative expression in adenomas and carcinomas when compared to normal adrenal
glands (A). Relative expression in ATs with recurrence within 2.5 yr after adrenalectomy, when compared with
ATs remaining in remission for at least 2.5 yr (B).
Significant changes (P < 0.05 for A and P < 0.025 for B) are marked with an asterisk.
Abbreviations: N: normal adrenal gland, C: adrenocortical carcinoma, A: adrenocortical adenoma, PTEN:
phosphatase and tensin homolog, IGF I and 2: insulin like growth factor 1 and 2, IGFR1: IFG receptor type 1,
IGF IIR: IGF receptor type 2, IGFBP2 6: IGF binding protein 1 6, INSR: insulin receptor, EGFR: epidermal growth
factor receptor, ERBB2 4: erythroblastic leukemia viral oncogene homolog 2 4
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Figuur 1
Schematische weergave van de signaaltransductie die leidt tot cortisolsynthese in de bijniercel.
Het binden van het bijnierschors stimulerend hormoon ACTH aan haar receptor, de melanocortin 2 receptor
(MC2R), vormt de eerste stap van de cascade die leidt tot cortisolsynthese. Na de binding aan de receptor
wordt in de bijniercel de stimulerende alpha component van het G eiwit (Gs ) geactiveerd, die het enzym
adenylaat cyclase (AC) stimuleert om ATP om te zetten in cAMP. cAMP zorgt ervoor dat het enzym protein
kinase A (PKA) wordt losgemaakt van een regulerende component (PRKAR1A), waardoor het enzym PKA
actief wordt en zich naar de celkern kan verplaatsen. In de celkern fosforyleert PKA diverse
transcriptiefactoren (TF), waardoor deze worden geactiveerd, en kunnen zorgen voor de synthese en afgifte
van cortisol.
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GNAS

Figuur 2
Schematische weergave van de canonical Wnt cascade. Wanneer de Wnt cascade niet actief is (links), binden
secreted frizzled related protein 1(SFRP1) en Wnt inhibiting factor (WIF) aan de Wnt eiwitten, en voorkomen
daarmee de binding van de eiwitten aan hun receptor frizzled (Frz). Daarnaast remt dickkopf 3 (DKK3) de Wnt
cascade door een interactie met co receptor lipoprotein receptor related protein (LRP). In het cytoplasma van
de cel wordt vervolgens catenine gefosforyleerd door het complex van Axin, adenomatous polyposis coli
(APC) en glycogeen synthase 3 beta (GSK3 ). Als gevolg hiervan wordt catenine afgebroken voor het zich
naar de celkern kan verplaatsen, en vindt er geen transcriptie van de doelgenen plaats.
De Wnt cascade kan op verschillende manieren worden geactiveerd (rechts). Als Wnt eiwitten ongeremd aan
de Frz receptor kunnen binden, wordt het Axin APC GSK3 complex geremd door dishevelled (Dvl). In het
cytoplasma kan catenine zich daardoor dan ophopen. Deze ophoping treedt ook op wanneer catenine
niet kan worden afgebroken, bijvoorbeeld door een mutatie in catenine zelf of in de componenten van het
Axin APC GSK3 complex. Als gevolg van de ophoping in het cytoplasma, kan catenine zich vervolgens
verplaatsen naar de celkern. Daar bindt het aan de T cel factor (TCF) en activeert de transcriptie van
verschillende genen, zoals cyclin D1 (CCND1), AXIN2 en cMYC (MYC). Het gevolg van Wnt activatie is
verminderde celdood, ongeremde celdeling en tumorgroei.
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Hoofdstuk 8

Figuur 3
Schematische weergave van de phosphatidylinositol 3 kinase (PI3K) cascade.
Wanneer een ligand bindt aan de epidermale groeifactor (EGF) receptoren (EGFR en ERBB2 4), vormen deze
dimeren met elkaar en met zichzelf, waardoor hun kinasedomein actief wordt. De insuline achtige groeifactor
(IGF) receptoren (IGFR1 en 2) worden geactiveerd door binding van IGF I en II. De acties van IGF I en IGF II
worden gemoduleerd door de IGF bindende eiwitten (IGFBP) 2 6. De EGF receptoren en IGFR1 geven hun
signalen door via phosphatidylinositol 3 kinase (PI3K). PI3K zet het inactieve PIP2 om in het actieve PIP3.
Phosphatase en tensin homoloog (PTEN) remt de PI3K cascade door PIP3 weer naar PIP2 om te zetten. PIP3
zorgt voor een fosforylering van AKT naar P AKT. In het cytoplasma zorgt P AKT voor activatie van SGK1 en
XIAP door middel van fosforylering. In de celkern activeert P AKT de transcriptie van ID1 en ID2, SNAI1 en
SNAI2, BCL2L1 en CCND1, terwijl het de transcriptie van TRAIL remt. Het gevolg van een geactiveerde PI3K
cascade is een verminderde celdood en een ongeremde celdeling.
Afkortingen: SGK1: serum glucocorticoid regulated kinase 1, XIAP: X linked inhibitor of apoptosis, ID1:
inhibitor of differentiation 1, ID2: inhibitor of differentiation 2, SNAI1: snail, SNAI2: slug, BCL2L1: B cell
lymphoma 2 related protein, CCND1: cyclin D1, TRAIL: tumor necrosis factor superfamily member 10
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