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Abstract Mitotane is the only drug approved for treatment of
the orphan disease adrenocortical carcinoma (ACC) and was
recently shown to be the first clinically used drug acting
through endoplasmic reticulum (ER)-stress induced by toxic
lipids. Since mitotane has limited clinical activity as mono-
therapy, we here study the potential of activating ER-stress
through alternative pathways. The single reliable NCI-H295
cell culture model for ACC was used to study the impact
MG132, bortezomib (BTZ) and carfilzomib (CFZ) on
mRNA and protein expression of ER-stress markers, cell via-
bility and steroid hormone secretion.We found all proteasome
inhibitors alone to trigger expression of mRNA (spliced X-
box protein 1, XBP1) and protein markers indicative of the
inositol-requiring enzyme 1 (IRE1) dependent pathway of
ER-stress but not phosphorylation of eukaryotic initiation fac-
tor 2α (eIF2α), a marker of the PRKR-like endoplasmic re-
ticulum kinase (PERK)-dependent pathway. Whereas
mitotane alone activated both pathways, combination of
BTZ and CFZ with low-dose mitotane blocked mitotane-
induced eIF2α phosphorylation but increased XBP1-mRNA
splicing indicating that proteasome inhibitors can commit sig-
nalling towards a single ER-stress pathway in ACC cells. By

applying the median effect model of drug combinations using
cell viability as a read out, we determined significant drug
synergism between mitotane and both BTZ and CFZ. In con-
clusion, combination of mitotane with activators of ER-stress
through the unfolded protein response is synergistic in an
ACC cell culture model. Since proteasome inhibitors are read-
ily available clinically, they are attractive candidates to study
for ACC treatment in clinical trials in combination with
mitotane.
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Introduction

Adrenocortical carcinoma (ACC) is an orphan malignant dis-
ease which frequently recurs even after complete resection
and has a high risk of metastatic spread.

Overall survival is poor in advanced stages and therapeutic
options are limited [1, 2]. Tumour-related steroid hormone
excess often leads to diagnosis of ACC [3] while also confer-
ring increased morbidity and entailing a particularly dismal
prognosis [4]. Mitotane (1,1 dichloro-2(o-chlorophenyl)-
2-(p-chloro-phenyl) ethane, o,p’-DDD) is a derivative and
former by-product of industrially produced pesticide DDT
and was discovered more than 60 years ago to induce adreno-
cortical atrophy in dogs [5–7]. It has since then been used for
treatment of ACC in humans and animals [8]. In advanced
disease, mitotane monotherapy induces objective tumour re-
sponse in about every fifth patient [9–11] with non-resectable
ACC and is a cornerstone of most combination therapies [12].
Adjuvant mitotane treatment is advocated in most centres [13]
but remains controversial [14]. Retrospective studies and a
small prospective clinical trial have shown that mitotane
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serum concentrations above 14 mg/l are associated with an
improved treatment response [9, 15–17]. The likelihood and
severity of adverse effects such as adrenal insufficiency, nau-
sea, diarrhoea and dizziness [18] increases with higher con-
centrations. Therefore, serum concentrations between 14 and
20 mg/l (43–62 μM) are aimed at clinically [19].

Mitotane has unfavourable pharmacokinetic properties.
Even with high oral doses of mitotane plasma concentrations
>14 mg/l are achieved in only half of patients [20]. On the
other hand, mitotane has a very long terminal elimination half-
life of up to 159 days [21].

The molecular underpinnings of mitotane adrenocor-
tical toxicity were ill-defined until our laboratory iden-
tified sterol-O-acyltransferase 1 (SOAT1) as a key target
of mitotane [22]. SOAT1 catalyses esterification of cho-
lesterol and activated fatty acids to form cholesteryl
esters which form a storage pool for steroid hormone
synthesis in steroidogenic cells. We have shown that
SOAT1 inhibition leads to accumulation of toxic lipids,
in particular free cholesterol, which results in activation
of endoplasmic reticulum stress of adrenocortical cells.
ER-stress constitutes a major adaptive response of cells
to unmet needs of biosynthesis and excess macromole-
cules. Impaired lipid homeostasis is increasingly ac-
knowledged to activate this pathway [23, 24], but the
unfolded protein response is the paradigmatic pathway
of ER-stress activation [25]. Bortezomib and carfilzomib
are proteasome inhibitors approved for treatment of
multiple myeloma [26] that indirectly activate ER-
stress and consecutively apoptosis through accumulation
of unfolded proteins.

Our hypothesis was that, due to pathway convergence,
combined treatment with mitotane and inhibitors of the
proteasome would lead to enhanced efficacy. In this study,
we investigated the potential of such combinatorial treat-
ment in the adrenocortical carcinoma reference cell line
NCI-H295R. We show that targeting the unfolded protein
response activates additional signalling pathways of ER-
stress, which leads to synergistic anti-proliferative activity
of the combination regimens compared to monotherapy.
This opens new perspectives for combination treatment in
future clinical trials.

Materials and Methods

Chemicals

Mitotane was from ISP chemical products and diluted in
ethanol; bortezomib from Millenium Pharmaceuticals
and carfilzomib from Selleckchem were diluted in
DMSO. Al l buffe rs and solvents f rom Merck
(Darmstadt, Germany) unless otherwise stated.

Cell Culture

Adherent variant NCI-H295R cells were obtained fromATCC
and cell line identity ascertained by short tandem repeat pro-
filing in collaboration with Sabine Herterich from the
Department of Clinical Chemistry and Laboratory Medicine,
University Hospital Würzburg. Cells were cultured as de-
scribed [22]. In short Ham’s F12 medium supplemented with
2.5 % Corning Nu-Serum (Fisher Scientific, Schwerte,
Germany) , 5.2 ng/ml sodium selenite, 100 μg/ml transferrin
and 5 μg/ml insulin was used and the cells were cultured in
flasks in a humid atmosphere at 37 °C and 5 % CO2.

Cortisol Measurements

106 NCI-H295 cells/well were incubated with medium con-
taining increasing concentrations of active substances or with
the equivalent amount of solvent as negative control for indi-
cated time periods. Cortisol was measured in the supernatant
with an Immulite2000® Analyser (Siemens Healthcare
Diagnostics). The cells in each well were subsequently lysed
and the amount of protein was measured using a BCA assay
(Sigma Aldrich) according to the manufacturer’s instructions.
To compensate for cell toxicity during treatment, the cortisol
values were normalized to the amount of protein in each
experiment.

WST-1 Assay

Viability testing using WST1 reagent was performed accord-
ing to the manufacturer’s protocol (Roche) by employing a
Victor2 multi-plate reader (Perkin-Elmer).

Proteasome Activity Assay

Specific proteasome inhibition by mitotane was measured
using a commercially available Proteasome Activity Assay
kit (ab107921, Abcam) according to manufacturer’s instruc-
tions. In short, 2 × 10 [6] NCI-H295R cells were seeded per
well and treated with 5, 10, 25, 50 and 100 μM mitotane or
with diluent for 6 h. The cells were then lysed in 0.5 % Igepal
CA630 and the soluble material was incubated with protea-
some substrate, incubated further 30 min at 37 °C and output
measured in a microplate reader (Perkin-Elmer) at Ex/Em
350/440 nm. The values were normalized to maximum inhi-
bition values achieved under the same conditions by adding
100 μM of the proteasome inhibitor MG132.

Quantitative Real Time PCR (qRT-PCR)
and Immunoblotting

qRT-PCR of XBP1 mRNA splicing and immunoblotting of
NCI-H295 cell lysate was carried out as described [22].
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GRP78 was detected using sc-1050 goat polyclonal antibody
(Santa Cruz) diluted 1:150.

Assessment of Drug Interaction

For assessment of drug interaction parameters, the median
effect model proposed by Chou et al. [27] was applied using
Compusyn Software (Version 1.0, downloaded from www.
combosyn.com). Cell viability measured by WST-1 testing
was used as a read-out. To determine cooperativity index
and dose-reduction index, viability was normalized using
Prism Version 6.0 (GraphPad) and the following informative
drug concentrations employed: bortezomib between 15 and
100 nM, carfilzomib between 1 and 50 μM and mitotane
concentration between 5 and 25 μM.

Statistical Analysis

Prism 6.0 software (GraphPad) was used for all statistical
analyses. The Fisher’s exact test or the Chi-square test was
used to investigate dichotomic variables, a two-way RM
ANOVA test followed by Tukey correction for multiple com-
parisons was used to test continuous variables. P values<0.05
were considered as statistically significant. Single drug con-
centrations inducing 50 % (EC50) of an observed effect (cell
viability, cortisol production) were determined by applying
curve fit nonlinear regression analyses.

Results

Proteasome Inhibition in NCI-H295R Cells

To determine the impact of proteasome inhibition alone on
NCI-H295 cells, we studied the model compound MG132.
Cell viability was decreased in a dose-dependent manner with
an EC50 after 48 h of 1.3 μM (Fig. 1a). In contrast, MG132 did
not exhibit a profound impact on cortisol production with an
EC50 for cortisol inhibition after 24 h of 0.2 mM (Fig. 1b). To
account for impaired cell viability (EC50 after 24 h 0.03 mM),
the cortisol values were normalized to total cell protein of the
same experiment.

To elucidate the mechanisms underlying MG132-
dependent reduction of cell viability, we assessed markers of
ER-stress and found MG132 to strongly induce C/EBP ho-
mologous protein (CHOP) mRNA expression (Fig. 1c).
Further, we found MG132 to induce splicing of X-box bind-
ing protein (XBP1)-mRNA up to 29.2 ± 2.0-fold (from
0.58 ± 0.07 to 16.93 ± 1.16) compared to untreated cells at
100 μMMG132 after 48 h (Fig. 1d), pointing towards activa-
tion of the inositol-requiring enzyme 1 (IRE1)-dependent ER-
stress pathway.

At protein level (Fig. 1e), MG132 treatment was confirmed
to increase both CHOP and spliced XBP1 (BBP1-s) proteins.
Phosphorylation of eukaryotic initiation factor 2α (eIF2α)
indicative of PERK (protein kinase R-like endoplasmic retic-
ulum kinase)-dependent ER-stress activation did not show
dose-dependent changes. Total eIF2α and ER-stress sensor
BiP/GRP78 (binding immunoglobulin protein/78 kDa
glucose-regulated protein) protein expression remained un-
changed. As a positive control for proteasome inhibition,
high-turnover protein hypoxia-inducible factor 1a (HIF1A)
showed dose-dependent accumulation.

Impact of clinically Used Proteasome Inhibitors
in NCI-H295 Cells

To explore the potential clinical application of proteasome
inhibition in ACC, we next examined the efficacy of
bortezomib and carfilzomib in NCI-H295R cells.
Bortezomib has an average EC50 in different cell lines of
7 nM (e.g., human myeloma cell lines U266 and RPMI8226
EC50 = 3 and 30 nM, respectively [28]), and reached an aver-
agemaximum plasma concentration of 1.32μM (0.3–3.4μM)
in multiple myeloma patients [29]. Carfilzomib has similar
EC50 values with bortezomib, both in myeloma cell lines
(5 nM for ANBL-6 and 10 nM in MM1S cells) [30] and in
myeloma patients (averagemaximum plasma concentration of
0.5 μM (0.1–1 μM) [31]).

As a single drug, bortezomib reduced cell viability at 48 h
with an EC50 of 0.14 μM (Fig. 2a) and was alone sufficient to
reduce cortisol production in cell culture supernatant within
24 h at already at 0.1 μM (Fig. 2b) with a calculated EC50 of
0.12 μM. Carfilzomib treatment alone reduced cell viability
at 48 h with an EC50 of 4.2 μM (Fig. 2c) and reduced
cortisol production in cell culture supernatant within 24 h
significantly above 1 μM with an apparent EC50 of
3.9 μM (Fig. 2d). EC50 of mitotane in the same cells was
18.1 μM for cell viability and 19.1 μM for cortisol production
at 24 h.

Effects of Bortezomib and Mitotane on ER-Stress
Activation

We next investigated whether and how mitotane and protea-
some inhibitors bortezomib and carfilzomib impact on ER-
stress markers in NCI-H295 cells. To this end, concentrations
of both mitotane and proteasome inhibitors below and above
their respective EC50 values for cell viability were analysed
alone and in combination for XBP1-mRNA splicing, expres-
sion of CHOP protein, and phosphorylation of eIF2α. HIF1α
served as control for proteasome inhibition.

Splicing of XBP1-mRNA increased 1.2 ± 0.1, 1.2 ± 0.1,
1.4 ± 0.1 and 1.5 ± 0.1-fold compared to untreated cells with
5, 10, 50 and 100 nM bortezomib, respectively for 24 h
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(Fig. 3a), which was associated with a concomitant dose-
dependent increase of XBP1-s protein expression (Fig. 3b).
We found ER-stress marker CHOP protein to be induced by
bortezomib at concentrations of 50 nM and higher without a
dose-dependent increase of expression at higher concentra-
tions (not shown) indicating complete activation of CHOP

protein expression. Surprisingly, we consistently demonstrat-
ed bortezomib-dependent decrease of eIF2α-phosphorylation
(Fig. 3b) with bortezomib alone whereas total eIF2α-protein
remained unchanged.

Mitotane alone triggered splicing of XBP1mRNA (Fig. 3a)
resulting in expression of XBP1-s (Fig. 3b) protein. CHOP

Fig. 1 Effect of the model
proteasome inhibitor MG132 on
adrenocortical tumour cells. a,
MG132 concentration dependent
decrease of cell viability after
48 h. b, Influence of MG132
treatment on cortisol production.
MG132 leads to a concentration
and time dependent increase in
CHOP mRNA c and XBP1
mRNA splicing d in NCI-H295R
cells. e, Concentration dependent
changes induced by MG132
treatment of NCI-H295 cells.M,
molar concentration; CHOP,
C/EBP homologous protein;
eIF2α, eukaryotic translation
initiation factor 2 A; P-eIF2α,
phosphorylated eIF2α; HIF1α,
hypoxia inducible factor 1;XBP1-
s, X-Box binding protein 1,
encoded by the spliced mRNA;
GRP78, 78 kDa glucose-
regulated protein; *, p < 0.05; **,
p < 0.01; ***, p < 0.001
compared to reference treatment;
experiments were performed in
biological triplicates
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expression was increased at protein level with 5 and 10 μM
mitotane and no further significant increase was observed at

25 μM (Fig. 3b). We found dose dependent increase eIF2α
phosphorylation up to 25 μM mitotane (Fig. 3b).

Fig. 2 Effect of proteasome
inhibitors bortezomib and
carfilzomib on cell viability and
cortisol secretion in
adrenocortical tumour cells.
Bortezomib (a and b) and
carfilzomib (c and d) induce
concentration dependent decrease
in cell viability (a and c) and
inhibition of cortisol production
(b and d) after 48 and 24 h,
respectively, in NCI-H295R cells.
Apparent EC50 values are
indicated. M, molar
concentration; *, p < 0.05; **,
p < 0.01 compared to reference
treatment; experiments were
performed in biological triplicates

Fig. 3 Combined effects of bortezomib and mitotane treatment on
markers of ER-stress in adrenocortical tumour cells. Concomitant
treatment for 24 h with different concentrations of bortezomib and
mitotane result in a concentration dependent increase in XBP1 mRNA
splicing (a) and specific changes in expression of marker proteins (b),
compared to treatment with the two substances alone. M, molar

concentration; μM, concentration in micromoles/litre; CHOP, C/EBP
homologous protein; eIF2α, eukaryotic translation initiation factor 2 A;
P-eIF2α, phosphorylated eIF2α; HIF1α, hypoxia inducible factor 1;
XBP1-s, X-Box binding protein 1, encoded by the spliced mRNA;
GRP78, 78 kDa glucose-regulated protein; ***, p < 0.001 compared to
reference treatment; experiments were performed in biological triplicates
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Bortezomib in combination with mitotane induced a dose
dependent increase of XBP1 mRNA splicing (Fig. 3a) where-
as XBP1-s protein showed only marginal change (Fig. 3b).
eIF2α phosphorylation decreased in a bortezomib dose de-
pendent manner at 5 and 10 μM mitotane similar to our ob-
servation with bortezomib alone. At 25 μM mitotane, strong
phosphorylation of eIF2α was observed which was not sig-
nificantly decreased upon bortezomib co-treatment.

Combined Effects of Carfilzomib and Mitotane
on ER-Stress Activation

Carfilzomib treatment alone triggered XBP1 mRNA splic-
ing 1.8 ± 0.1, 2.6 ± 0.1, 3.1 ± 0.3 and 3.7 ± 0.1-fold at
0.1, 1, 5 and 10 μM for 24 h, respectively (Fig. 4a),
compared to mock treated cells which was associated with
a concomitant dose-dependent increase of XBP1-s protein
expression (Fig. 4b). CHOP protein expression was
strongly induced (Fig. 4b) at concentrations of 5 μM
and above. Phosphorylation of eIF2α was slightly de-
creased with carfilzomib alone (Fig. 4b).

Combination with mitotane led to increased XBP1
mRNA splicing (Fig. 4a), XBP1-s and CHOP protein ex-
pression (Fig. 4b) in a carfilzomib dose-dependent manner
a t m i t o t ane concen t r a t i on s o f 5 and 10 μM.
Phosphorylation of eIF2α was decreased similar to treat-
ment with carfilzomib alone.

At 25 μM mitotane, XBP1 mRNA was increased with
increasing carfilzomib (Fig. 4a) doses which did not trans-
late into increase of XBP1-s and CHOP protein (Fig. 4b).
Strong phosphorylation of eIF2α was observed at 25 μM
mitotane, which was unchanged upon co-treatment with
carfilzomib.

Synergistic Activity of Proteasome Inhibitors
with Mitotane

Using a proteasome activity assay, we found no significant
inhibition of proteasome activity by mitotane when protea-
some activity was normalized to account for cell death due
to mitotane treatment (data not shown) suggesting that
mitotane induced ER-stress has no direct impact on protea-
some activity.

To determine to which extent activation of alternative ER-
stress pathways by proteasome inhibitors and mitotane trans-
lates into cytotoxic effects, we used cell viability measured by
WST-1 assay as a read-out. We applied bortezomib,
carfilzomib and mitotane at concentrations in the range of
their respective EC50 for NCI-H295R cells and determined
drug synergy using algorithms developed by Chou et al.
[27]. Cooperativity indices (CI) were determined using
Compusyn software with CI-values below 1 indicating addi-
tivity, and values between 0.3 and 0.7 being considered
synergistic.

In a concentration range of mitotane that alone did not
impact on cell viability (5 μM, 10 μM), we found synergism
with bortezomib, as exemplified by a CI of 0.56 for 15 nM
bortezomib (ten times less than the average maximum con-
centration reached in serum of the multiple myeloma patients)
and 5 μM Mitotane (ten times less than the therapeutically
relevant concentration). Cooperativity was less pronounced
at higher relative efficacies of both drugs (Fig. 5a). This syn-
ergism translated into dose-reduction indices (DRI) for
bortezomib between 3.3 and 14.4 but also mitotane where
DRI between 1.4 and 2.7 were calculated (Fig. 5b).

Similarly, combination of carfilzomib with mitotane result-
ed in CI between 0.16 and 0.53, indicating relevant synergism
between the two drugs (Fig. 5c). Depending on the fractional

Fig. 4 Combined effects of carfilzomib and mitotane treatment on
adrenocortical tumour cells. Concomitant treatment for 24 h with
different concentrations of carfilzomib and mitotane result in a
concentration dependent increase in XBP1 mRNA splicing (a) and to
specific changes in expression of different proteins (b), compared to
treatment with the two substances alone. M, molar concentration; μM,

concentration in micromoles/litre; CHOP, C/EBP homologous protein;
eIF2α, eukaryotic translation initiation factor 2 A; P-eIF2α,
phosphorylated eIF2α; HIF1α, hypoxia inducible factor 1; XBP1-s, X-
Box binding protein 1, encoded by the spliced mRNA; GRP78, 78 kDa
glucose-regulated protein; ***, p < 0.001 compared to reference
treatment; experiments were performed in biological triplicates
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activity of both drugs, DRI for carfilzomib between 13.0 and
16.9 were calculated with a higher DRI for mitotane between
2.2 and 10.4 (Fig. 5d) compared to bortezomib.

Overall, these data demonstrate that—with cell viability as
a read-out—mitotane and proteasome inhibitors exhibit sig-
nificant synergism.

Discussion

In this study, we examined the impact of two types of ER-
stress inducing drugs to study their individual and combined
impact on signal transduction pathways in the single available
hormone producing adrenocortical carcinoma cell line. We
reasoned that proteasome inhibitors might be re-purposed for
the treatment of adrenocortical carcinoma in combination with
mitotane.

Previously, our group provided evidence that a key
mechanism of mitotane activity involves perturbation of
lipid homeostasis in adrenocortical carcinoma cells by

interfering with cholesterol esterification through inhibition
of sterol-O-acyltransferase (SOAT1) [22]. Accumulation of
toxic lipids, in particular free cholesterol, was shown to be
causative of triggering endoplasmic reticulum stress since ex-
perimental reduction of cholesterol synthesis alleviated the
toxic effects of mitotane. In contrast, non-steroidogenic cell
lines were far less susceptible to SOAT1 inhibition since they
express low SOAT1 levels. We have further demonstrated
that—at clinically effective concentrations—mitotane is capa-
ble of activating both the IRE1 and PERK-dependent path-
ways of ER-stress [22]. Mitotane is the first drug in clinical
use for which the mechanism of lipotoxic ER-stress has been
demonstrated as a central mechanism of action.

In contrast, proteasome inhibitors have been established as
prototypic drugs that induce ER-stress through activation of
the unfolded protein response (UPR) and are clinically used
for treatment of multiple myeloma [32].

As a proof of principle, we first investigated the impact of
proteasome inhibition using the generic proteasome inhibitor
MG132. As expected, we found reduced proteasomal

Fig. 5 Drug synergism between mitotane and proteasome inhibitors.
Normalized isobolograms (a and c) and corresponding dose-reduction
index (DRI) tables (b and d) for combination treatment with
bortezomib and mitotane (a and b) and carfilzomib and mitotane (c and
d). The diagonal line represents a cooperativity index of 1 indicating
additive drug interaction of the combined treatment. Drug combinations

below the curve indicate synergism, the area over the curve antagonism.
Fa, fraction affected; BTZ, bortezomib; CFZ, carfilzomib; MITO,
mitotane; DRI, dose-reduction index for the combination treatment;
[nM], concentration range in nanomoles/litre and [μM], concentration
range in micromoles/litre where the synergistic effect is observed
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degradation of the client protein hypoxia inducible factor 1α
(HIF1A). Impaired proteasomal degradation, which is known
to result in accumulation of unfolded proteins, led to activated
ER-stress as shown by expression of CHOP mRNA and
CHOP protein. Increased XBP1-mRNA splicing provided ev-
idence of IRE1 pathway activation. Strikingly, phosphoryla-
tion of eIF2α indicative of PERK-dependent ER-stress, was
only marginally changed. Our previous experiments had pro-
vided evidence that experimental induction of ER-stress alone
is sufficient to decrease steroid hormone synthesis in NCI-
H295 cells. Since MG132 was capable to strongly reduce
cortisol secretion and also cell viability, we further pursued
investigation of proteasome inhibitors using two therapeuti-
cally relevant drugs.

The impact of bortezomib, the first proteasome inhibitors
used for treatment of multiple myeloma, on viability of NCI-
H295 cells had been examined previously and found to trigger
apoptosis as measured by caspase 3/7 assay [33]. Carfilzomib,
a second-generation proteasome inhibitor, has been more re-
cently approved for treatment of multiple myeloma and was
also investigated. We recapitulated the experiments performed
withMG132 and confirmed that individually both bortezomib
and carfilzomib activate ER-stress through the IRE1 pathway
in ACC cells whereas PERK-dependent ER-stress was mar-
ginally if at all activated as indicated by constant phosphory-
lation levels of eIF2α.

IRE1-induced XBP1-mRNA splicing has been previous-
ly shown to be of key importance in mediating bortezomib
effects in multiple myeloma [34]. However, in different cel-
lular contexts, inhibition of the proteasome has been shown
to trigger eIF2α phosphorylation as well [35–37]. We have
previously demonstrated that mitotane treatment alone is
capable of strongly activating both PERK-dependent
eIF2α-phosphorylation and IRE1-induced XBP1 mRNA
splicing, indicating that both pathways are present and func-
tional in NCI-H295 cells [22]. It is currently unclear, why
in this steroidogenic cell line, proteasome inhibitors prefer-
entially trigger the IRE1 dependent pathway but lead to a
down-regulation of PERK-dependent eIF2α phosphoryla-
tion. One explanation may be that downstream effects of
XBP1, a highly active transcription factor of ER-stress re-
sponsive genes, partially overlap with the consequences of
eIF2α-phosporylation. We have already shown by using
gene expression microarrays that mitotane induced ER-
stress leads to reduced expression of several genes involved
in lipid homeostasis such as SCD encoding stearoyl-coA-
desaturase, an enzyme catalysing fatty acid desaturation,
and SQLE encoding squalene epoxidase that catalyses the
first step of cholesterol synthesis. In hepatocytes, it has been
observed that transcription of lipid-related genes is XBP1
dependent [38, 39] whereas the individual contribution of
ER-stress pathways in the adrenal cortex has not been
investigated.

Since no significant inhibition of proteasome activity by
mitotane alone was observed, mitotane induced ER-stress ap-
pears to depend primarily on lipotoxicity, which may explain
the different molecular pattern of ER-stress response.

In combination with low-dose mitotane, both
bortezomib and carfilzomib treatment decreased mitotane
induced eIF2α phosphorylation. This is remarkable and—
to our knowledge—has not been described previously. It
is conceivable that in a cellular context characterized by
high turnover of lipids for hormone synthesis, strong ac-
tivation of the IRE1 response alleviates basal activity of
the PERK-dependent pathway. Hence, combined treat-
ment with proteasome inhibitors commits ER-stress to-
wards the IRE1-dependent pathway. This mechanism
however can be overcome through mitotane concentra-
tions beyond its effective EC50 as indicated by strong
eIF2α-phosphorylation irrespective of proteasome inhibi-
tors’ concentration at 25 μM mitotane.

In conclusion, co-treatment with proteasome inhibitors
may be a useful addition to mitotane at low concentrations
of mitotane. Importantly, relatively high mitotane serum
concentrations above 14 mg/l are associated with a higher
likelihood of tumour response [9, 15, 17, 40, 41] but are
reached within 3 months of treatment only in about half of
patients [20, 42] and are never reached in some. Hence,
there is frequently a time lag between treatment initiation
with mitotane and onset of anti-tumoural effects.
Therefore, combination treatment with a synergistic drug
would be a major treatment advance and would potential-
ly counteract cellular mechanisms of resistance to
mitotane.

Drug synergism is widely searched after in many phar-
macological contexts but oftentimes the term is not suffi-
ciently substantiated by experimental data. Several
methods to describe drug interactions have been devel-
oped in the past [43], among which the methods of
Loewe [44] and Bliss [45] have been applied widely to
determine drug additivity. An appealing method relies on
the median effect equation as a unifying theorem of drug-
drug interaction which can be applied in multiple experi-
mental settings and has been elaborated by Chou and co-
workers [27]. Of note, the EC50 of, e.g., mitotane and
bortezomib differ by nearly three orders of magnitude
rendering the Bliss method uninformative. By using cell
viability after 48 h as relevant a read-out, we found that
the differential capacities of proteasome inhibitors and
mitotane to activate ER-stress through alternative path-
ways translate into drug synergism as demonstrated by
cooperativity indices of ≪1. These experiments were con-
ducted at mitotane concentrations that alone are insuffi-
cient to induce cell death in vitro since mitotane alone is
capable of impairing cell viability completely above
25 μM after 48 h. The absence of synergism at higher
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concentrations of mitotane likely is a result from maximal
activation of ER-stress through both the PERK and IRE1
dependent pathways with subsequently saturation of
transducers such as CHOP. It is important to note that
both carfilzomib and bortezomib both exhibit this syner-
gism, indicating a class effect. The proteasome inhibitors
concentrations at which drug synergism is observed are
lower or equal than those achieved clinically [46, 47].
Unfortunately, both drugs are eliminated rapidly from
the blood stream through tissue redistribution and elimi-
nation [48, 49]. While this increased clearance in part
explains the good tolerability of proteasome inhibitors it
would be more difficult to keep the clinically relevant
concentrations for longer periods of time, especially for
carfilzomib. However, although DRI are less impressive
for mitotane, they may be clinically more important given
the otherwise extremely long time required to achieve
therapeutic plasma mitotane concentrations.

The conclusions of our study are based entirely on
in vitro experiments performed in only one cell line.
While this is a drawback, one has to bear in mind that
NCI-H295 cells are the only human cell-line model avail-
able for the study of steroidogenic adrenocortical tumours.
Whereas the cell line SW13 was derived from a cancer of
the adrenal cortex, it lacks steroidogenic factor 1 expres-
sion, a reliable marker for cells of steroidogenic origin,
and steroid hormone production [50, 51] thus limiting its
usefulness as an adrenocortical tumour model. Our results
in the NCI-H295 cell line model are consistent within a
broad array of methods applied and robust, and are the
first step in exploiting drug synergisms based on conver-
gent activation of ER-stress in the treatment of adrenocor-
tical cancer.

It is evident that validation of these in vitro results in
an animal model is extremely desirable. However, two
published studies using NCI-H295 xenografts in nude
mice failed to demonstrate significant anti-tumoural activ-
ity of mitotane compared to control treatment on
established tumours regardless of the means of adminis-
tration and despite measurable mitotane concentration in
plasma in one study [52, 53]. The reason for this is un-
known but may depend on lipoprotein metabolism [54,
55]. At variance, a spontaneous mouse tumour model of
ACC is unavailable [56]. On the other hand, with respect
to the overall good tolerability of proteasome inhibitors in
humans, it appears justified to conduct a phase I/II study
of combination treatment in ACC patients treated with
mitotane in a palliative setting. To account for the
in vivo metabolism of bortezomib through CYP3A4, an
enzyme that is strongly induced by mitotane [57–60], we
would recommend to priori t ise invest igat ion of
carfilzomib, as this drug undergoes elimination without
involvement of the cytochrome P450 system.
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