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Zusammenfassung

Steroidhormone sind essenzielle Botenstoffe fir die Entwicklung von Organismen und ihre
metabolische Homobostase. Die zelluldre Synthese von Steroidhormonen wird durch die
Bereitstellung von Cholesterin zu Mitochondrien reguliert, denn hier wird das erste
Steroidhormon, Pregnenolon, synthetisiert. Alle weiteren Steroidhormone werden aus
Pregnenolon Uber verschiedene Intermediate hergestellt, dies findet in dem
Endoplasmatischen Retikulum (ER) und in Mitochondrien statt. Das Cholesterin das fur
Steroidhormonbiosynthese verwendet wird von extrazellularem Cholesterin stammen, das
Uber das Endolysosomale System aufgenommen wird, es kann von Zellen de novo im ER
hergestellt werden, oder es kann in Lipid Droplets (zu Deutsch: Fetttropfchen) oder der
Zellmembran eingelagertes Choloesterin mobilisiert werden. Zusammengefasst bedeutet dies,
dass eine Vielzahl von zellularen Organellen an der Produktion von Steroidhormonen beteiligt
ist. Dies wirft die Frage auf ob und wie diese verschiedenen Organellen fir die

Steroidhormonbiosynthese kommunizieren um ihre jeweiligen Beteiligungen zu koordinieren.

Ich habe in der vorliegenden Dissertation untersucht, welche Funktionen der beteiligten
Organellen fur die Produktion von Steroidhormonen essentiell sind. Wahrend mitochondriale
Energieproduktion notwendig ist flir Steroidproduktion, sind die Fusion von Mitochondrien und
deren Biogenese nicht notwendig. Es zeigte sich, dass Lysosome und das ER mdglicherweise
mehr zur Steroidhormonbiosynthese beitragen als ihre bekannten Funktionen im
Cholesterinstoffwechsel und, im Fall des ER, der Produktion von Zwischenstufen der

Steroidhormonbiosynthese.

Des Weiteren habe ich untersucht wie sich die Zusammensetzung der Gesamtheit der
Proteine (genannt das Proteom) in der Zelle oder spezifisch in Mitochondrien andert, wenn
Steroidhormonbiosynthese aktiviert wird. Dabei stachen drei Proteine hervor: eines ist bisher
bekannt als einer der Regulatoren der Biogenese von Lysosom-ahnlichen Organellen; die
beiden anderen sind beteiligt and der Insertion in oder der Translokation Gber die ER Membran
von neu synthetisierten Proteinen. Ich produzierte Zelllinien mit genetischem Defekt jeweils
spezifisch flr eines dieser Proteine. Diese konnten Steroide nicht so effizient herstellen wie
unveranderte Zellen. Von diesen drei Proteinen habe ich BLOC1S6 naher untersucht, und fand
heraus, dass es insbesondere fur die Synthese von Glucocorticoiden wie Cortisol notwendig
ist. Dies stellt einen neuen Mechanismus der Regulation der Steroidproduktion dar, der

spezifisch Glucocorticoid-Produktion reguliert.



Abstract

Steroid hormones are indispensable signaling molecules for organismal homeostasis. Steroid
synthesis is known to be regulated by control of the supply of cholesterol to mitochondria where
the first steroid in the pathway, pregnenolone, is produced. All other steroids are produced from
pregnenolone in reactions taking place in mitochondria and the endoplasmic reticulum.
Endolysosomal uptake, de novo synthesis in the endoplasmic reticulum, and mobilization from
lipid droplets or plasma membrane can contribute cholesterol for steroidogenesis. How these

different organelles coordinate their contributions to steroidogenesis is largely unknown.

Here, | aimed to identify novel mechanisms of steroidogenesis regulation in adrenocortical
carcinoma cells. | characterized organellar functions required for steroidogenesis, finding that
while mitochondrial energy production is essential, mitochondrial biogenesis and fusion are
not required for steroidogenesis. Furthermore, lysosomes and endoplasmic reticulum may
support steroidogenesis beyond their known contributions to cholesterol supply and

intermediate steroid synthesis.

| also screened changes in the proteomes of mitochondria and the whole cell upon initiation of
steroidogenesis for novel regulators of steroidogenesis. The candidates which emerged from
this screen have known functions in biogenesis of lysosome-related organelles and insertion
of newly translated proteins into the endoplasmic reticulum membrane and lumen, but they
had no previously known role in steroidogenesis. Knock-out of these candidates was found to
impair steroidogenesis. Specifically, | found the protein BLOC1S6 which is known to regulate
biogenesis of lysosome-related organelles is required for production of glucocorticoids in
adrenocortical carcinoma cells. This suggests that, in addition to the regulation of
steroidogenesis at its initial step of cholesterol supply to mitochondria, the synthesis of

downstream glucocorticoids is regulated in a BLOC1S6-dependent manner.



1 Introduction to Steroidogenesis

1.1 Classification of steroid hormones

Steroid hormones are a chemical class of hormones distinct from peptide hormones. Steroids
are all derived from the major sterol in animals, cholesterol, thus sharing the characteristic four
ring cyclopentanophenanthrene structure (Steiger & Reichstein, 1937), exemplified here by
the structure of pregnenolone (Fig 1.1.). Physiologically, steroids regulate a broad variety of
processes. These can be generally divided into two categories: 1) Homeostasis regulation by
corticoids produced in the adrenal gland, and 2) regulation of development and reproduction
by the sex steroids: androgens and estrogens. These distinct functions are reflected in the
specialization of steroidogenic — that is steroid producing — organs, which mostly produce only
one active steroid compound. Corticoids are even named after the site of their synthesis in the
cortex of the adrenal gland. Androgens are mainly produced in the testes while estrogens are
produced in the ovaries. Corticoids can be further divided into two subclasses, glucocorticoids
and mineralocorticoids, each released by a specialized layer of tissue in the adrenal cortex —
zona fasciculata for glucocorticoids and zona glomerulosa for mineralocorticoids. Other sites
of significant steroid release are the placenta, which produces progesterone during pregnancy,
and the brain, where pregnenolone and some androgens are produced (Miller & Auchus,
2011). Mammals share these steroidogenic organs, yet the main physiologically active steroids

released by these organs can vary between species (Vagnerova et al., 2023).

21

Figure 1.1. Structure of pregnenolone.
Pregnenolone is the first steroid hormone
synthesized from cholesterol. Numbers
indicate carbons, letters denote rings, o or
[ indicate behind or front of the projected
plane, respectively. Due to the double
bond located between carbons 5 and 6,
pregnenolone is a A® steroid. Adapted
from (Miller & Auchus, 2011).

1.1.1 Roles of steroid hormones

Cortisol is the main active glucocorticoid in humans, it is released in response to stress but
also to a lesser extent undergoes a pulsatile rhythm (Spiga & Lightman, 2015). In targeted
tissues, it is immunosuppressive, anti-inflammatory, and affects metabolism and cognitive
function (De Kloet, 2004). Aldosterone is the major mineralocorticoid in humans, it functions to
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regulate blood pressure by modulation of sodium and potassium levels in vascular circulation
(Condon et al., 2002).

Sex steroid production begins in the adrenal gland with the onset of adrenarche (the onset of
steroidogenesis in the adrenal gland shortly before the begin of puberty) and subsequently
starts in the gonads at the beginning of puberty and is required for development and function
of the reproductive organs. Progesterone is released by the placenta during pregnancy and

critical for its maintenance (Miller & Auchus, 2011).

A minor site of steroidogenesis is the brain, producing pregnenolone and related compounds
as well as some androgens. These neurosteroids serve to balance mood, memory function

and neuroprotective effects (Reddy, 2010).

1.1.2 Regulation of steroidogenesis in the whole organism

Steroids are not constantly produced; steroidogenesis is activated by tropic hormone
stimulation or in reaction to environmental cues. Steroidogenic cells also do not store already
synthesized steroids for release upon stimulation. Stimulating factors include
adrenocorticotropic hormone (ACTH) which stimulates glucocorticoids in the adrenal and
luteinizing hormone (LH) which mainly stimulates estrogen in ovarian granulosa cells as well
as testicular testosterone production. These tropic hormones are released by the pituitary
under the control of the hypothalamus, as exemplified for the hypothalamus-pituitary-adrenal

axis in Fig. 1.2.
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Angiotensin 1l in concert with circulating potassium controls mineralocorticoid release
(Helfenberger et al., 2019). It is produced from the precursor angiotensinogen that originates
in the liver (Lu et al., 2016). Neurosteroid production is responsive to neurotransmitters and

other hormones (Do-Rego et al., 2012).

1.1.3 Signal transduction of steroidogenic stimulation

The tropic hormones described above each bind to a specific receptor on steroidogenic cells,
thereby inducing intracellular signal transduction. For ACTH and LH the main secondary
messenger is cyclic adenosine-nucleotide monophosphate (cAMP), produced by adenylyl
cyclase which is activated by G-protein coupled receptor binding. cAMP stimulates the activity
of cAMP-dependent protein kinase (PKA). The signal is transduced from PKA to ERK (Gyles
et al., 2001), which phosphorylates and thereby activates steroidogenic factor 1 (SF1), the
main transcription factor activating the expression of steroidogenic genes (Fig. 1.3.A). During
short term stimulation, the main gene transcribed encodes Steroidogenic Acute Regulator
(StAR) protein (Jo et al., 2005), which will be described in detail in the next section. Long term
steroidogenic stimulation will also increase the expression of steroidogenic enzymes, which
are also addressed in a later section (Miller, 2013). In parallel, PKA also phosphorylates StAR
increasing its activity (Arakane et al., 1997). Another target is CAMP response element binding
protein (CREB), which binds to the corresponding transcription factor binding sites in genomic

DNA activating the genes under their control (Sugawara et al., 2006).

Angiotensin Il induced signal transduction in adrenal cells mainly involves calcium signaling
through calmodulin, downstream activating protein kinase C, Ca2+/calmodulin dependent
protein kinase, MEK, and ERK kinases (Condon et al., 2002). Calcium signaling may also
stimulate adenylyl cyclase and thus cAMP signaling. In concert, these signal transduction
pathways early on mainly result in StAR expression and activation, in the long-term they also
stimulate expression of mineralocorticoid synthesis enzymes (Hattangady et al., 2012) (Fig.
1.3.B).

11
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Figure 1.3. Simplified schematic of intracellular signal transduction during steroidogenic
stimulation. A) ACTH and forskolin induced cAMP signaling, B) Angiotensin Il induced signaling
cascades.

1.1.4 Regulation of steroidogenesis by Steroidogenic Acute Regulator protein StAR

Induction of steroidogenesis rapidly induces expression of StAR, which has been found
essential for steroidogenesis in most steroidogenic organs except placenta and brain.
However, despite considerable focus on StAR as a regulator of steroidogenesis, its mechanism
remains poorly understood. As will be described later, steroidogenesis requires the import of
cholesterol into mitochondria, where the first steroidogenic reaction — synthesis of

pregnenolone from cholesterol — takes place (Miller, 2025).

StAR localizes to mitochondria and possesses a mitochondrial targeting sequence allowing its
import. StAR also has a binding site for cholesterol, allowing it to bind one molecule cholesterol
per molecule StAR (Tsujishita & Hurley, 2000). This renders co-import of cholesterol with StAR
insufficient to sustain the rate of cholesterol flow into mitochondria that is required for
steroidogenesis (Artemenko et al., 2001). In addition, it has been determined that
extramitochondrial StAR is stimulating mitochondrial cholesterol import, and StAR import
renders it inactive (Arakane et al., 1996). Detailed study of the amino acid sequence of StAR
revealed it contains a sequence that results in slowed mitochondrial import, next to its
mitochondrial targeting sequence, and that this increases its facilitation of cholesterol import
(Bose et al.,, 2023; Bose et al.,, 2002). Thus, StAR controls import of cholesterol into

mitochondria at the OMM, which raises the question what the mechanism is.
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It has been described that StAR is enriched in the cholesterol-rich mitochondria-associated
membranes (MAM) of the endoplasmic reticulum (ER). These represent sites of contact
between mitochondria and the ER. Several interaction partners of StAR have been found,
which are also associated with the MAM. These include Voltage-Dependent Anion Channel
(VDAC1/2), the o-1 receptor (Marriott et al., 2012), GRP78 (Prasad et al.,, 2017), and
Translocase of the Outer mitochondrial Membrane 40 (TOM40) (Bose et al., 2023), yet they
are not essential for steroidogenesis, indicating redundant mechanisms exist (Fig. 1.4.). With
the help of these interactors, StAR may facilitate cholesterol trafficking from MAM to the OMM.
However, the precise mechanism of StAR and its regulation of cholesterol trafficking is still
elusive. It is equally unclear how cholesterol is shuttled from the OMM to the IMM, where the

first steroidogenic reaction occurs.

Cyto/
MAM
OMM
IMS

----- 31-62 AA StAR pause
Figure 1.4. Schematic of StAR localization and interactors. Cyto: cytosol, MAM: mitochondria-
associated membranes, OMM: outer mitochondrial membrane, IMS: intermembrane space, StAR:
steroidogenic acute regulator, VDAC: voltage-dependent anion channel; Tom: translocase of the
outer mitochondrial membrane. Adapted from (Bose et al., 2023).

1.1.5 Homeostasis of cholesterol — the substrate for steroidogenesis

Cholesterol, the substrate for steroidogenesis, is a versatile metabolite. It is itself critical for
membrane integrity, because the balance between non-polar cholesterol and polar lipids
determines membrane rigidity and protein-membrane interactions as well as protein-protein
interactions within membranes (Brown et al., 2021). This is reflected in membranes at different
subcellular locations displaying different membrane lipid compositions, as well as the ability of
single membranes to have a sub-structure of different lipid composition, termed lipid rafts which
are also involved in membrane contact sites (Fujimoto et al., 2012; van Meer et al., 2008).
Cholesterol is also a precursor, not only for steroids but also for bile acids, cholesterol esters

and oxysterols (Brown et al., 2021). Cholesterol levels in the cell are tightly regulated since
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they are not only required for these functions but excess can lead to membrane damage and

ultimately organ damage (Brown et al., 2021).

Animals including humans satisfy their demand for cholesterol both from nutrition and by
generating it themselves (Dietschy, 1984; Spady & Dietschy, 1983). Although most, if not all,
tissues are able to synthetize cholesterol most of it is generated in the liver (Spady & Dietschy,
1983). On the cellular level, this is reflected in the importance of cholesterol import
mechanisms as well as synthesis. Due to its hydrophobic nature cholesterol circulates in the
vascular system bound to lipoproteins. Three cholesterol-binding lipoproteins are distinguished
by their density: very low-density lipoprotein (VLDL), low-density lipoprotein (LDL) and high-
density lipoprotein (HDL). In cells requiring cholesterol uptake, LDL binds to its receptor LDLR
and is internalized via endocytosis (Davis et al., 1986). The generated endosomes fuse with
lysosomes, where LDL is thought to be degraded and the cholesterol is released and trafficked
to storage, however, LDLR can be recycled to the plasma membrane (Clifford et al., 2023).
VLDL uptake follows a similar mechanism (Go & Mani, 2012). Cholesterol bound to HDL is
taken up upon binding to its receptor, scavenger receptor B1 (SR-B1) (Zanoni et al., 2016).
Steroidogenesis mainly relies on cholesterol uptake rather than synthesis, however, the exact
pathway utilized for uptake varies between organisms. In human SG, uptake of LDL-
cholesterol via LDLR is used, while rodents rely on HDL uptake by SR-B1 (Miller, 2013).

Cholesterol is synthesized de novo from acetyl-CoA via the mevalonate pathway (Fig. 1.5.A).
Acetyl-CoA generation requires citrate that can be replenished from glucose via glycolysis and
the tri-carboxylic acid cycle (TCA). Cholesterol synthesis is regulated through the negative
feedback it induces by binding to sterol regulatory element binding protein (SREBP) cleavage-
activating protein (SCAP) (Fig. 1.5.B). In cholesterol replete conditions SCAP and SREBP2
are anchored to the ER membrane in a complex with insulin induced gene (INSIG). Cholesterol
depletion induces dissociation of INSIG and the trafficking of the SCAP-SREBP2 complex to
the Golgi apparatus in coatomer Il (COPII) vesicles. In the Golgi, SREBP2 is cleaved by site 1
protease (S1P) and site 2 protease (S2P) yielding a mature transcription factor that re-localizes
to the nucleus where it activates transcription of the two enzymes that catalyze rate-limiting
reactions of cholesterol synthesis, 3-hydroxy-3-methylglutaryl-CoA Reductase (HMGCR) and
Squalene Monooxygenase (SM). Cleaved SREBP2 also induces transcription of LDLR for
cholesterol uptake. (Brown & Goldstein, 1980; Gill et al., 2011; Sakai et al., 1996)

Cholesterol can be stored in lipid droplets as cholesterol esters when esterified by sterol-O-
acetyltransferase (SOAT), this cholesterol can be released by de-esterification by Niemann
Pick type C protein 1 (NPC1). Another major cholesterol store is the cholesterol contained in
membranes themselves, especially the plasma membrane. Cholesterol may be exchanged

between membranes of different organelles via membrane contact sites. Due to its
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hydrophobicity, cholesterol cannot freely diffuse in the cytosol, where it can be transported by

proteins containing cholesterol binding sites (Miller, 2013).
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Figure 1.5. Cholesterol synthesis and its regulation. A) Simplified schematic of cholesterol synthesis
from acetyl-CoA, highlighted are the enzymes 3-hydroxy-3-methylglutaryl-CoA Reductase (HMGCR)
and Squalene Monooxygenase (SM) that catalyze the rate-limiting reactions in this pathway.
Adapted from (Luo et al., 2020). B) Simplified schematic of cholesterol sensing for transcription
regulation. Adapted from (Radhakrishnan et al., 2010).

1.1.6 Enzymatic mechanisms of steroidogenesis

Steroids are produced by two classes of enzymes: cytochrome P450 enzymes (CYPs) and
hydroxysteroid dehydrogenases (HSDs) (Agarwal & Auchus, 2005; Miller, 2005). CYP
enzymes are heme-containing oxidases that reduce oxygen to hydroxylate target residues.
The electrons required for this reaction are donated by nicotinamide adenine dinucleotide
phosphate (NADPH) via an intermediate flavoprotein. In mitochondria the electrons are
transferred via the flavoprotein ferredoxin reductase (FDXR), also known as adrenodoxin
reductase, and the iron-sulfur cluster protein ferredoxin (FDX), also known as adrenodoxin. In
the endoplasmic reticulum (ER) CYPs receive electrons from NADPH via a membrane-bound
flavoprotein called P450 oxidoreductase (POR). HSDs do not contain heme and rely on
NADH/NAD* or NADPH/NADP* cofactors to reduce or oxidize steroids.

The first step in steroidogenesis is the cleavage of the side chain of cholesterol to yield
pregnenolone catalyzed by CYP11A1, also known as P450 side chain cleavage enzyme
(P450scc). This step is slow and therefore constitutes the rate-limiting step of steroidogenesis

(Kuwada et al., 1991; Tuckey & Cameron, 1993a). It comprises three reactions catalyzed by a
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single enzyme: sequential hydroxylation reactions at carbons C22 and C20 followed by
oxidative scission of the bond between these carbons, producing pregnenolone and
isocaproaldehyde (Tuckey & Cameron, 1993b). The CYP11A1 enzyme also accepts its
intermediates, such as 22(R)-hydroxycholesterol (22R), as substrates which can be used in
experiments to bypass cellular cholesterol transport and import into mitochondria, because

hydroxycholesterols, unlike cholesterol, are soluble in water (Lin et al., 1995).

In the ER, pregnenolone can be converted into progesterone, the first steroid in the pathway
with physiological activity, by 3bHSD in two steps: dehydrogenation of the hydroxyl group to a
keto group and isomerization from D° to D* steroid. This enzyme catalyzes the same reactions
for 17a-hydroxypregnenolone to 17a-hydroxyprogesterone, dehydroepiandrosterone (DHEA)
to androstenedione, and androstenediol to testosterone (Lorence et al., 1990; Thomas et al.,
1989).

Progesterone can be converted to 17a-hydroxyprogesterone by 17a-hydroxylase (CYP17A1),
which is ER-membrane bound (Nakaijin et al., 1984). The enzyme is capable of the same
reaction on pregnenolone, but 3bHSD has higher affinity to pregnenolone, thus the pathway
via progesterone is favored (Auchus et al., 1998). CYP17A1 also has 17,20-lyase activity which
preferentially turns 17a-hydroxypregnenolone into DHEA and 17a-hydroxyprogesterone into

androstenedione with low affinity (Zuber et al., 1986).

The ER-resident steroid 21-hydroxylase (CYP21A2) catalyzes hydroxylation at C21 of
pregnenolone, resulting in deoxycorticosterone, the first mineralocorticoid. It also synthesizes
the first glucocorticoid 11-deoxycortisol from 17a-hydroxyprogesterone (Chaplin et al., 1986;
Parker et al., 1985).

In humans, the final steps in corticoid synthesis are performed by 11b-hydroxylase (CYP11B1)
and aldosterone synthase (CYP11B2) in mitochondria (Fardella & Miller, 1996; White et al.,
1994). CYP11B1 produces cortisol and aldosterone by 11b-hydroxylation of 11-deoxycortisol
and deoxycorticosterone, respectively. CYP11B2 catalyzes 18-hydroxylation and 18-methyl

oxidation of corticosterone to yield aldosterone.

The final steps in sex steroid synthesis are all performed by ER-localized enzymes. 17b-HSD,
of which numerous isozymes exist, convert androstenedione to testosterone, estrone to
estradiol, and DHEA to androstenediol, among other reactions (Labrie et al., 1997). Estrogens
are produced from their androgen counterparts by aromatase (CYP19A1) (Simpson et al.,
2002). Testosterone can be converted to the more active dihydrotestosterone (DHT) by 5a-
reductase (SRD5A1) in target tissues (Bruchovsky & Wilson, 1968).
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1.1.7 Adrenal steroidogenesis in vivo and in vitro

In this work | studied steroidogenesis in an in vitro model of adrenal origin. The mechanisms
described so far summarize general principles of steroidogenesis. However, steroidogenic
organs and tissues are specialized to produce only certain steroids, thus they selectively
possess the required parts of the steroidogenic machinery (Miller & Auchus, 2011). The cortex
of the adrenal gland is structured in three layers of tissue. The outermost zona glomerulosa
expresses CYP11B2 but not CYP17A1 permitting only mineralocorticoid synthesis. The zona
fasciculata does not express angiotensin Il receptors but instead expresses the ACTH receptor
(MC2R) and an isoform of CYP11B2 which cannot produce aldosterone (Mulatero et al., 1998).
The lack of cytochrome bs in the zona fasciculata prevents androgen production (Suzuki et al.,
2000). The zona reticularis bordering the adrenal medulla is also ACTH sensitive, but has
minimal CYP21A2 or CYP11B2 such that corticoid synthesis is suppressed. Instead, high
levels of CYP17A1 and cytochrome bs yield DHEA and DHEA sulfate (DHEAS) (Auchus et al.,
1998; Auchus & Rainey, 2004; Suzuki et al., 2000).
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Figure 1.6. Steroidogenesis in the adrenal cortex. A) Simplified schematic of the main steroidogenic
tissue layers of the adrenal cortex surrounding the medulla. Adapted from (Osman & Clayton, 2017).
B) Schematic of specialized steroidogenic pathways in the tissues of the adrenal cortex. Adapted
from (Miller & Auchus, 2011).

The adrenocortical carcinoma cell line NCI-H295R used here has been derived from the
adrenal zona fasciculata (Gazdar et al., 1990). However, either due to carcinogenesis or
adaptation in in vitro culture, it has lost MC2R expression and gained sensitivity to angiotensin
II, resulting in the capacity to generate mineralocorticoids in addition to glucocorticoids
(Mountjoy et al.,, 1994). Since ACTH sensitivity is lost without MC2R, stimulation of
steroidogenesis through cAMP signaling can be achieved by treatment with cAMP directly or

stimulation of adenylyl cyclase with the chemical forskolin (Rainey et al., 1994).
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2 Scope of the Thesis

Organelles must remain interconnected and synchronized to perform specialized functions.
One crucial mechanism that enables this coordination is the dynamic relocalization of proteins

between organelles, which helps regulate essential cellular processes.

Steroid hormones are indispensable signaling molecules for organismal homeostasis, and
their production — steroidogenesis (SG) — is a highly coordinated process involving multiple
organelles. SG begins with the delivery of cholesterol to mitochondria, where the first and rate-
limiting step occurs, before subsequent reactions take place in the endoplasmic reticulum (ER)
and again in mitochondria (Miller & Auchus, 2011). Cholesterol for SG can originate from
multiple sources, including endolysosomal uptake, de novo synthesis in the ER, and
mobilization from lipid droplets or the plasma membrane (Miller, 2013). However, how these
different organelles coordinate their contributions to SG remains largely unknown. Here, |
aimed to uncover novel regulatory mechanisms of SG, with a particular focus on mitochondria,
given their central role in the rate-limiting step of this process. Specifically, | investigate the
contributions of other organelles, their potential communication with mitochondria through

protein relocalization, and how such dynamic changes influence SG.
This thesis is structured around two major research aims:

1. Investigating the essential functions of mitochondria and other SG-related
organelles in steroidogenesis.
o How do mitochondria and associated organelles contribute to cholesterol
mobilization and processing for SG?
o What roles do mitochondria, lysosomes and the ER play in regulating SG?
2. Define the mobile mitochondrial proteome during steroidogenesis stimulation
using a proteomic approach.
o Do specific proteins or organelles relocalize to mitochondria to facilitate SG?
And if so, how do novel candidate regulators change their localization and

how do they contribute to SG?

By addressing these questions, this work seeks to expand our understanding of
steroidogenesis regulation, uncover potential inter-organelle communication pathways, and

identify novel factors involved in this critical cellular process.
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3 Results

3.1 A model of Steroidogenesis of Adrenocortical Carcinoma Cells In Vitro
3.1.1 Characterizing in vitro steroidogenesis of adrenocortical carcinoma cell line NCI-
H295R

To investigate the role of interorganellar communication in the regulation of SG, | utilized the
well-established NCI-H295R cell line. The NCI-H295R cell line was derived from adrenocortical
carcinoma and has been shown to be responsive to SG stimulation in vitro using forskolin,
cAMP and angiotensin Il. These stimuli result in release of glucocorticoids, mineralocorticoids,
pregnenolone and progesterone and their hydroxylated forms, as well as DHEA and DHEA-S
(Kurlbaum et al., 2020; Rainey et al., 1994).

At early stages of SG pregnenolones and progesterones are produced, at later stages
glucocorticoids such as cortisol and mineralocorticoids such as aldosterone accumulate
(Kurlbaum et al., 2020). However, to my knowledge a detailed time course of steroid production
in NCI-H295R has not been published. To therefore characterize SG in NCI-H295R cells, |
assessed steroids released during SG stimulation at several timepoints, spanning 10 minutes
to 3 days. | used forskolin to induce the cAMP signal cascade that stimulates SG and is

activated by ACTH in vivo.

Culture media were harvested and analyzed by liquid chromatography-coupled mass
spectrometry (LC/MS) based profiling following induction with forskolin medium for the time
course spanning 3 days. As expected, | found that the first steroid hormone produced during
SG from cholesterol by CYP11A1, pregnenolone, was significantly increased 3- to 4.5-fold
upon forskolin stimulation compared to untreated cells from 30 minutes to 24 hours (h), peaking
at 2 h post induction (Fig. 3.1A). A similar pattern was observed for progesterone and 17-
hydroxyprogesterone which are derived from pregnenolone (Suppl. Fig 1.1A,B). Cortisol, the
final product, was first increased 4-fold by forskolin compared to untreated condition at 24 h
post induction. This effect became more pronounced over time, reaching an increase of 12-
fold at 48 h and finally 30-fold by 72 h (Fig. 3.1B). The two other glucocorticoids, 11-
deoxycortisol and cortisone, follow a similar trend over time but were less strongly induced
compared to cortisol (Suppl. Fig. 3.1C,D). The accumulation of early pathway intermediates
within minutes to hours after stimulation, and that of downstream glucocorticoids and
mineralocorticoids at later stages of induction is consistent with previous reports (Kurlbaum et
al., 2020). However, it is striking to see in detail here the inverse correlation between

pregnenolone and cortisol from 8 h SG stimulation onwards.

Because steroid production is regulated by the expression of key pathway components, the
expression levels of the main steroidogenic regulator StAR and the first enzyme in SG,

CYP11A1, were analyzed for these timepoints by immunoblot (Fig. 3.1C). The induction of
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StAR by forskolin was evident as early as 4 h, with maximal induction at 24 h. CYP11A1 was
unchanged by forskolin for all early timepoints up to 24h, afterwards moderate induction was
observed at 48 h, increasing at 72 h. Thus, the increase in production of pregnenolone (and
progesterone) precedes the upregulation of key pathway regulators StAR and CYP11A1.
Detectable glucocorticoid induction by forskolin at 24 h occurs later than StAR induction at 8 h
but before CYP11A levels start to be increased at 48h. This observation, consistent with
previous reports (Miller, 2013), suggests that other modes of steroidogenesis regulation are

responsible for early steroidogenesis activation within hours of induction.
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Figure 3.1. Dynamics of pregnenolone and cortisol production from cholesterol in NCI-H295R.
A) Pregnenolone, and B) cortisol secreted by wt NCI-H295R into the cultured media for the
indicated time analyzed by LC-MS. C) Immunoblot detection of StAR, CYP11A1 and GAPDH from
the same cells. D) 3C-containing pregnenolone and cortisol, and E) *C-cholesterol produced by
wt NCI-H295R supplied with 3Ceglucose in the medium during the experiment, as fraction of the
total amount of each, analyzed by LC-MS. LC-MS data are mean + s.d. of n=3 replicates. ‘ = minutes,
h = hours, d = days, grey = vehicle DMSO, red = 10 uM forskolin, nd = not detected, ns = not
significant, ** = p<0.01, *** = p<0.001, **** = p<0.0001 (two-way ANOVA). 21



3.1.2 Contribution of de novo cholesterol synthesis to steroidogenesis of NCI-H295R

To assess whether in vitro steroidogenesis of adrenocortical carcinoma cells relies on
endogenous de novo cholesterol synthesis or cholesterol uptake and mobilization of
intracellular storage, metabolic isotopic label tracing was used. Glucose feeds de novo
cholesterol synthesis via the TCA cycle and the mevalonate pathway (Bloch, 1965). Thus, |
cultured NCI-H29R cells with "*Cs-glucose during forskolin induction of steroidogenesis, and
examined the incorporation of '*Cs into steroids by LC/MS analysis. This approach ensures
that de novo synthetized cholesterol that is further processed into steroids during this time,
would be "*C-labeled, while steroids derived from cholesterol produced, taken up or stored by

the cells prior to forskolin induction and onset of '*C labeling will remain unlabeled.

Steroids accumulated in culture media were harvested at 24 and 48 hours after forskolin
treatment, and analyzed for the fraction of the total amount of each steroid labeled by *C (Fig.
3.1D,E). '*C isotope-labeled and total cholesterol was also measured by gas chromatography-
mass spectrometry (GC/MS) (Fig. 3.1F).

| found that although forskolin treatment did not increase cholesterol synthesis at 24 h post
stimulation, a significant increase in *C-labelled cholesterol from 18% to 25.5% was observed
after 48 h forskolin treatment. At 24 h steroidogenic stimulation and *C glucose feeding, the
small fraction of 3 to 4% '3C-labeled cholesterol in unstimulated cells did not increase by
forskolin stimulation. At 48 h '3C-labeled cholesterol was increased from 18% without
stimulation to 25.5% with forskolin treatment (Fig. 3.1F). Remarkably, the total cholesterol pool
of these cells was unchanged at 24 h and 10-fold increased at 48 h of forskolin stimulation
(Suppl. Fig 3.2B). This possibly reflects significant depletion of cholesterol stores during
prolonged SG stimulation. For the first steroid, '*C-incorporation into pregnenolone was
observed at 5% and 17% under basal conditions at 24 and 48h, respectively. Forskolin
stimulation significantly increased *C-incorporation into pregnenolone to 10% and 30% at 24
and 48 h post treatment (Fig. 3.1D). Pregnenolone derivative 170OH-pregnenolone behaved
in a similar fashion as pregnenolone (Suppl. Fig. 3.2A). The ®C-labeled fraction of cortisol
increased from 0.4% to 2.7% under basal condition and from 1.2% to 11% upon forskolin
treatment, between 24 h and 48 h, respectively (Fig. 3.1E). The other glucocorticoids 11-
deoxycortisol and cortisone followed the same pattern as cortisol (Suppl. Fig. 3.2C,D). These
results suggest a moderate contribution of de novo cholesterol synthesis to in vitro SG of

adrenal cells, but an increasing role for cholesterol synthesis in prolonged SG stimulation.

3.1.3 Change in culture medium supplementation does not impair steroidogenesis
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In vitro cell culture media are supplemented with fetal bovine serum (FBS) to supply cells with
lipids and growth factors. In steroidogenesis research this supplementation could introduce
exogenous steroids that interfere with treatments and analysis of steroids. This is addressed
in two ways; first experiments analyzing steroids released by SG stimulation are performed in
serum-free media. Second, FBS is usually replaced with NuSerum® when working with NCI-
H295R cells (Kurlbaum et al., 2020). NuSerum® is 75% defined amounts of nutrients, growth
factors and trace elements, and contains 25% FBS (Wong & Tuan, 1993). It also contains the
steroids progesterone, 17R-estradiol, testosterone, hydrocortisone. This project was started by
culturing NCI-H295R in DMEM/F12 with 5% NuSerum® and 1x ITS-X. At one point, the
manufacturer of NuSerum® was unable to deliver it for more than one year. Thus, culture
medium formulation was switched to 1% FBS in DMEM/F12 with 1x ITS-X. This represents a
similar percentage of animal-origin serum as 5% NuSerum®. To confirm that steroidogenesis
was comparable in cells cultured in 5% NuSerum versus 1% FBS NCI-H295R cells were
cultured with either formulation separately for 10 days before the experiment. 24 hours after
forskolin stimulation, steroids from conditioned cells were compared. No significant difference
between FBS and NuSerum® was found for cortisol production, both with and without forskolin
stimulation (Suppl. Fig. 3.2E). In both formulations, forskolin did not significantly induce
pregnenolone secretion. However, in cells conditioned with FBS-containing medium forskolin
treatment led to a small but significant decrease of pregnenolone by 35% compared to vehicle,
which remained unchanged in FBS relative to NuSerum® (Suppl. Fig. 3.2F). Because
pregnenolone induction is decreasing after 4 h or longer SG stimulation, it is possible that lack
of induction at 24 h here is due to variability between experiments (Fig. 3.1.A). Despite the
small decrease in pregnenolone the two culturing models of NCI-H295R cells were deemed

comparable and later experiments were performed with cells cultured with 1% FBS.

3.1.4 Mitochondrial membrane potential and ATPase function are required for
steroidogenesis

In my doctoral research project, | evaluated which key functions of organelles involved in SG
are required for SG. The first committed biosynthetic reaction for steroidogenesis is catalyzed
by CYP11A1 in the mitochondria (Miller, 2013). This step is regulated by steroidogenic
regulator protein StAR, which controls cholesterol import into mitochondria (Lin et al., 1995).
Therefore, | tested parameters of mitochondrial function that are required for steroidogenesis.
Mitochondria produce metabolites and energy in the form of NADH and ATP through the TCA
cycle and oxidative phosphorylation (OXPHOS). The chemical energy released by oxidation
in the TCA is used by four large protein complexes (complexes I-IV) forming an electron
transport chain (ETC) in the IMM to create a protein gradient, resulting in an electrochemical
potential difference across the IMM called the mitochondrial membrane potential AWwy. This
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membrane potential allows ATP synthase (also called complex V) in the IMM to use the energy
of protons following the gradient through ATP synthase to phosphorylate ADP to ATP, which is
used across the cell for energy consuming reactions. Several pharmacological compounds
have been found to interfere with the function of proteins involved in OXPHOS, these can be
employed to probe whether OXPHOS function as a whole or functioning of individual OXPHOS
complexes is required for SG. To this end NCI-H295R cells were co-treated with such inhibitors
during SG induction and both steroid levels in culture media and the levels of the major SG

regulators were analyzed.

Disruption of AWw by the protonophore CCCP and inhibition of mitochondrial ATP synthase by
oligomycin decreased forskolin stimulated steroidogenesis across all steroids (Suppl. Fig.
3.3A-E), as exemplified by pregnenolone and cortisol (Fig. 3.2A,B). Remarkably, the latter and
some other steroids were even reduced below the levels of basal steroidogenesis. Similarly,
when the electron transport across the mitochondrial inner membrane was impaired by
inhibition of ETC complex | using piericidin or rotenone or inhibition of complex Il with
antimycin A, both basal and stimulated steroidogenesis were ablated (Fig. 3.2D and Suppl.
Fig. 3.4A-E). This dependence of forskolin stimulated SG on functional OXPHOS was not
surprising, as it has been shown that these treatments ablate SG in these and other
steroidogenic cells (Allen et al., 2006; Duarte et al., 2007; Mele et al., 2012). These treatments
led to a concomitant abolition of StAR induction by forskolin, indicating that mitochondrial
membrane potential and ATP synthesis are required to maintain StAR levels, and thus for the
import of cholesterol into mitochondria (Fig. 1.2C), which has also been shown before (Allen
et al., 2006; Duarte et al., 2007). On the other hand, mitochondrial translation inhibition by
actinonin did not affect steroidogenesis or StAR levels upon forskolin stimulation (Fig. 3.2A,B).
Although it has been shown that mitochondrial biogenesis — for which mitochondrial translation
is required — is induced by SG stimulation, it was not previously tested whether it was also a
requirement for SG (Medar et al.,, 2021). Lack of SG decrease by actinonin indicates

mitochondrial biogenesis is not required for SG.

Thus, | have replicated that SG and StAR levels during SG stimulation are dependent on
functional ETC, AWw, and ATP generation. In addition, | find mitochondrial biogenesis is not

required for SG.
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3.1.5 Mitochondrial dynamics and steroidogenesis

Since previous studies have shown that steroidogenesis stimulation by angiotensin Il lead to
an hyperfused mitochondrial network essential for steroidogenesis in adrenal cells
(Helfenberger et al., 2019), | wondered whether fusion also occurs during forskolin stimulation
of steroidogenesis. To this end, mitochondrial dynamics (i.e. changes in the mitochondrial
network) was visualized by confocal microscopy upon forskolin and angiotensin Il treatment
using NCI-H295R cells expressing OMM-localized GFP.

The images of the mitochondria were further analyzed using mitochondrial network analysis
(MirNA) with Image J. While | found a moderate but significant increase in mean branch length
of mitochondria during angiotensin |l treatment, no such effect was observed during forskolin
treatment (Fig. 3.2F). That mitochondrial hyperfusion is not induced by both forskolin and

angiotensin |l suggests it is not strictly required for steroid production in general.
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Figure 3.2. Mitochondrial membrane potential and ATPase function but not mitochondrial
translation or mitochondrial fusion are required for steroidogenesis. A) Pregnenolone and cortisol
secreted by wt NCI-H295R during 24 h treatment with 10 uM forskolin, 2.5 uM olicomycin, 1 uM
carbonyl cyanide m-chlorophenyl hydrazone (CCCP) or 50 uM actinonin as indicated, analyzed by
LC/MS. B) Corresponding mmunoblot detection of StAR and GAPDH. C) Cortisol secreted by WT NCI-
H295R during 24 h treatment with 10 uM forskolin, 2 pM antimycin A, 3.7 uM piericidin or 5 uM
rotenone as indicated, analyzed by LC/MS, and D) immunoblot detection of StAR, CYP11A1, pEIF2a
and vinculin. The blot is from a single membrane, samples not discussed here were cut out, the full
membrane can be found in supplemental figure 1.4F. E) Mitochondria Network Analysis (MiNA) of
live-cell confocal microscopy imaged NCI-H295R:HA-GFP-OMP25 treated with 10 uM forskolin or
100nM angiotensin Il as indicated. Data are mean  s.d. of n=3 replicates. AUC = area under curve.
Grey = vehicle DMSO, red = 10 uM forskolin, ns=not significant, */#=p<0.05, **/##=p<0.01,
*R* [HiH=p<0.001, **** /####=p<0.0001; asterisks refer to comparison indicated by line, hashtags
compare to WT (AAVS1 KO) (in (A) one-way ANOVA, (D) two-way ANOVA, (F) t-test). 26



3.1.6 Lysosomal acidification is required for steroidogenesis

Lysosomes process LDL-cholesterol taken up from circulation via endocytosis by trafficking it
to storage or releasing it (Go & Mani, 2012). This has been shown to be the major source of
cholesterol during human adrenal SG in vivo (Miller, 2013). Therefore, | tested whether
lysosomal acidification, a phenomenon essential to lysosomal functions such as proteolysis
and other chemical reactions, is required for steroidogenesis in NCI-H295R cells in vitro. To
this end, NCI-H295R cells were treated with bafilomycin, an inhibitor of the V-type ATPase that
acidifies lysosomes (Bowman et al., 1988), with and without forskolin treatment. Bafilomycin
treatment was confirmed by increased microtubule associated protein 1 Light Chain 3 Beta
(LC3B) protein levels (Fig. 3.3C) (Fischer et al., 2020). | found that bafilomycin treatment
significantly decreased the levels of the steroids pregnenolone and cortisol by 30 to 50% both
during basal and forskolin-induced conditions (Fig. 3.3.A,B). Other steroids, especially
pregnenolone-related compounds behaved analogous, with the exception of corticosterone
(Suppl. Fig. 3.5.A-E). Bafilomycin treatment did not affect StAR levels, which was expected as
there is no evidence suggesting StAR is associated to lysosomes or regulated by their
acidification (Fig. 3.3.C,D).

One important step in steroid production is the delivery of cholesterol from intracellular stores
to CYP11A1 in the mitochondrial matrix. To test whether lysosomal acidification is required to
support cholesterol mobilization to mitochondria for steroidogenesis, cells were co-treated with
membrane-permeable 22(R)-hydroxycholesterol (22R), which can reach CYP11A1 and be
processed into steroids independent of the cell’s machineries for cholesterol uptake, storage,
supply to and import into mitochondria (Toaff et al., 1982). Supplementation with 22R did not
rescue steroidogenesis upon bafilomycin treatment (Fig. 3.3.A,B, Suppl. Fig. 3.5A-E), though
the intracellular presence of 22R was not analyzed in these samples, thus the treatment cannot
be verified. Of note, StAR protein levels were unaffected by 22R (Fig. 3.3.C,D). Thus, if 22R
treatment can be confirmed this would suggest lysosome function is required for

steroidogenesis beyond cholesterol release from endolysosomes.

Cholesterol can be released from lysosomes via the NPC1 transporter (Infante et al., 2008).
Inhibition of NPC1 with the inhibitor U18666A (Lange et al., 2000) did not decrease
steroidogenesis, upon either basal or forskolin stimulated conditions (Fig. 3.3A,B, Suppl. Fig.
3.5.A-E). Moreover, co-treatment of hydroxycholesterol during NPC1 inhibition treatment had
no effect on steroid production (Fig. 3.3.A,B, Suppl. Fig. 3.5.A-E). Concurrently, NPC1
inhibition alone or with supplementation of hydroxycholesterol did also not affect StAR levels
(Fig. 3.3C.,D). A limitation of this experiment is that no control for successful NPC1 inhibition

was included. Nevertheless, the data is in agreement with previous research on ovarian
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granulosa cells that shows NPC1 function is required for SG to utilize cholesterol from LDL but

it is not required for SG in general (Watari et al., 2000).
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Figure 3.3. Lysosomal acidification is required for steroidogenesis independent of cholesterol
homeostasis. A) Pregnenolone, and B) cortisol secreted by wt NCI-H295R during 24 h treatment with
10 uM forskolin, 100 nM bafilomycin, 10 uM pM 22R-hydroxycholesterol or 100 nM ul666A as
indicated, analyzed by LC-MS. C) Immunoblot detection of StAR, CYP11A1, LC3B, LAMP2 and GAPDH
for bafilomycin and untreated samples. D) Immunoblot detection of StAR, CYP11A1, LC3B, LAMP2 and
GAPDH for U1666A and untreated samples. Both blots are from a single membrane, samples not
discussed here were cut out, the full membrane can be found in supplemental figure 1.5F,G. Data are
mean = s.d. of n=3 replicates. Grey = vehicle DMSO, red = 10 uM forskolin, ns = not significant, ** =
p<0.01, *** = p<0.001, **** = p<0.0001 (two-way ANOVA).
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3.1.7 Induction of protein misfolding at the ER partially inhibits corticoid synthesis

Since de novo cholesterol synthesis as well as steroidogenic reactions downstream of
pregnenolone take place in the ER, and as it is a hub of protein translation, | asked whether
inhibiting ER function would affect steroidogenesis. To do so, | used the inhibitor tunicamycin
which impairs N-glycosylation of proteins synthetized at the ER, leading to protein misfolding
that induces the cellular stress responses unfolded protein response (UPR) and ISR
(Friedlander et al., 2000).

Tunicamycin treatment of NCI-H295R cells led to an increase in the levels of the ER stress-
induced chaperone Binding immunoglobulin Protein (BiP) (Bull & Thiede, 2012), as confirmed
by immunoblot (Fig. 3.4.C). Additionally, tunicamycin not only reduced basal cortisol levels but
also suppressed forskolin-induced cortisol production by 50% (Fig. 3.4.A). A similar effect was
observed for 11-deoxycortisol (Suppl. Fig. 1.6A) but not for other glucocorticoids,
mineralocorticoids, pregnenolones or progesterones (Fig. 3.4.B and Suppl. Fig. 3.6.B-E).
Tunicamycin did not affect StAR induction by forskolin, suggesting its effects on SG are
independent of StAR (Fig. 3.4C).

To assess whether tunicamycin disruption of steroidogenesis is dependent on ISR activation,
the small molecule integrated stress response inhibitor (ISRIB) was applied during tunicamycin
treatment and steroidogenic induction (Anand & Walter, 2020; Sidrauski et al., 2013). NCI-
H295R cell treatment with ISRIB was unable to rescue BiP protein levels (Fig. 3.4C), consistent
with BiP being induced by the unfolded protein response independent of ISR activation (Brewer
et al., 1997; Penaranda-Fajardo et al., 2019; Rabouw et al., 2019). | tested the ISR-induced
activating transcription factor 4 (ATF4) as well (Rabouw et al., 2019), but it was unresponsive
in these cells (Fig. 3.4C). ISRIB application also failed to restore basal or forskolin-induced
cortisol or 11-deoxycortisol levels upon tunicamycin treatment (Fig. 3.4A, Suppl. Fig. 3.6A).
Unfortunately, these results are inconclusive regarding whether tunicamycin induced stress
affects glucocorticoid synthesis by a direct effect of protein misfolding or via the ISR. In fact, |
could not confirm the activation of the ISR in response to tunicamycin-induced protein
misfolding at the ER.

29



A * %k Kk ns * %k %

e¢DMSO )
y 5O KX+ * *kok **x* ® 10uM Forskolin
£ 407
c) -
£30
S e
.g 20
O 107

Control  Tunicamycin Tunicamycin  ISRIB
+|ISRIB
B ns * ns
¢ DMSO
* ns *ok ** o 10uM Forskolin

® &

—
1

<

Pregnenolone ng/mL
N

Control  Tunicamycin Tunicamycin  ISRIB

+ISRIB
C
ISRIB - + - +
Tunicamycin - + - + -
Stimulation - Fors

20— = . meme - StAR
95— | e wmam |BiP

72—
55— e e ATF4
43— =

14— IR GAPDH

Figure 3.4. Induction of protein misfolding at the ER by inhibition of N-glycosylation by tunicamycin
partially inhibits corticoid synthesis. A) Cortisol, and B) pregnenolone secreted by wt NCI-H295R
during 24 h treatment with 10 uM forskolin, 10 uM tunicamycin, or 1 uM ISRIB as indicated, analyzed
by LC/MS. C) Immunoblot detection of StAR, BiP, ATF4 and GAPDH for the same experiment. Data are
mean = s.d. of n=3 replicates. Grey = vehicle DMSO, red = 10 uM forskolin, * = p<0.05, ** = p<0.01,
*** = p<0.001, **** = p<0.0001 (two-way ANOVA).
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4 Identifying novel regulators of steroidogenesis
4.1 An Unbiased Proteomics Screen for Mitochondrial Regulators of Steroidogenesis
4.1.1 Isolation of Intact Mitochondria by Immunopurification

To capture changes in steroidogenic mitochondria such as novel mitochondrial localized
regulators of steroidogenesis or proteins with mitochondria specific enrichment by
steroidogenesis induction, a method for the isolation of intact mitochondria by
immunopurification (mitolP) was adapted (Chen et al., 2016). | used NCI-H295R:NCI-
H295R:3xHA-GFP-OMP25 cells stably expressing OMM localized triple HA-tag by which intact
mitochondria can rapidly be immunopurified (IP) using anti-HA antibody coated magnetic

beads.

Mitochondria were isolated from organellar suspension derived from NCI-H295R:3xHA-GFP-
OMP25 by trituration. The integrity of isolated mitochondria was assessed by immunoblot
analysis of established marker proteins for mitochondrial subcompartments (Fig. 4.1A). The
marker proteins used were voltage-dependent anion channel 1 and 2 (VDAC1/2) for OMM,
succinate dehydrogenase subunit A (SDHA) for IMM and citrate synthase (CS) for the
mitochondrial matrix. Similar enrichment of all three subcompartment markers in the mitolP
compared to the whole cell fraction indicates the mitochondria isolated were intact. StAR
enrichment by forskolin confirms induction of steroidogenesis and its enrichment at
mitochondria indicates it remains associated during mitolP. The purity of isolated mitochondria
was tested based on co-enrichment of potential contamination by organelles such as ER, by
the marker protein Calreticulin (CRT). Residual signal of ER was observed in isolated
mitochondria, but it was de-enriched in mitolP compared to whole cell as opposed to the

enriched mitochondrial markers.

To determine whether the expression of GFP-targeted to the OMM affected steroidogenesis,
steroids in culture media of NCI-H295R:3xHA-GFP-OMP25 were analyzed by LC/MS. Levels
of steroids 24 h after forskolin induction were similar between WT and OMM-GFP-expressing
NCI-H295R cells. For example, forskolin induced a 5-fold increase in cortisol (glucocorticoid)
and a 4-fold increase in corticosterone (mineralocorticoid) in both cell lines (Suppl. Fig. 4.1.A).
Thus, expression of OMM-localized GFP did not impair the ability of these cells to produce

steroids in response to SG stimulation.
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Figure 4.1. Specific factors of LROs and ER increase at mitochondria during steroidogenesis
induction. A) Immunoblot of whole cell lysate (WC) and mitochondria isolated by IP (mitolP) from
organellar suspension of NCI-H295R:HA-GFP-OMP25 treated with 10 uM forskolin or vehicle DMSO
for 24 h. Analyzed for Citrate Synthase (CS), SDHA, VDAC1/2, Calreticulin (CRT) and StAR. B)
Mitochondrial enrichment, calculated as the difference between mitolP and whole cell in the log; fold
change induced by forskolin compared to vehicle, detected in TMT-based quantitative proteomics by
LC/MS. Ranked from the largest (positive) to the smallest (negative) enrichment. C) Immunoblot
detection of BLOC1S6, EMC10, SSR3, StAR, CYP11A1, and beta-Tubulin in WT NCI-H295R (NCI), WT
769P and WT UMRC-2 cells.
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4.1.2 Changes in the Whole Cell Proteome and Mitochondrial Proteome during
Steroidogenesis Induction

Whole-cell and mitochondria isolated by IP from NCI-H295R cells stimulated for 24 hours with
forskolin or vehicle were processed and analyzed using tandem mass tag (TMT)-based
quantitative proteomics by LC/MS. In the adjusted analysis, 6663 and 4541 proteins were
identified in the whole cell and mitochondrial proteomes, respectively. This corresponds to
32.3% and 22% coverage of the human reference proteome, respectively. Of these, in the
whole cell proteome 1597 proteins were significantly upregulated and 1470 were significantly
downregulated upon forskolin stimulation of steroidogenesis. For the mitochondrial proteome

546 were upregulated while 511 were downregulated.

KEGG pathway analysis of proteins significantly increased more than 3-fold upon forskolin
treatment in the mitolP fraction identified upregulation of steroidogenic and cholesterol
metabolism pathways (Kanehisa et al., 2016). However, this enrichment was driven solely by
the upregulation of StAR and LDLR. Pathway analysis of downregulated proteins revealed bile
acid secretion; however, both of these analyses did not find either of these pathways to be
changed with statistical significance (data not shown). GO term enrichment analysis, another

method for pathway analysis, yielded similar results (Gaudet et al., 2011).

Remarkably, | found StAR upregulated by almost exactly the same 4-fold change in both the
whole cell and mitolP fractions upon forskolin treatment (Suppl. Fig. 4.1.C). This finding aligns
with the well-established understanding that StAR regulation primarily occurs at the
transcriptional level (Miller, 2013). Surprisingly, LDLR, known as a plasma membrane-localized
import receptor for cholesterol, was identified in the mitolP fraction. It exhibits a 4-fold
enrichment upon forskolin treatment compared to only 2-fold induction in the whole cell
proteome (Fig. 4.1B, Suppl. Fig. 4.1.C). LDLR mitochondrial localization and its role in SG has
recently been described by others (Zhou et al., 2023). Next, | examined known mitochondrial
proteins, based on MitoCarta3.0 classification (Rath et al., 2020), to see whether specific
factors are distinctively regulated by forskolin stimulation of steroidogenesis. Most
mitochondrial proteins were upregulated (381) or unchanged (484), less proteins were
downregulated (47), at the whole cell level. In contrast, most mitochondrial proteins remained
unchanged (678) or were downregulated (162), with fewer proteins being upregulated (41), in
the mitolP (Suppl. Fig. 4.1.C). Specific outliers from these patterns, such as mitochondrial

proteins behaving like StAR, were not observed.

Since other organelles, especially ER and lysosomes, play important roles in cholesterol
homeostasis and steroidogenesis (Miller, 2013), | examined whether factors from other
organelles are identified in the mitochondrial fraction and enriched by forskolin treatment. The

proteins signal sequence receptor subunit gamma (SSR3) and (ER membrane protein
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complex subunit 10 (EMC10) of the ER and biogenesis of lysosome-related organelles
complex 1 subunit 6 (BLOC1S6) were enriched at mitochondria in forskolin treated cells. This
means that these proteins were upregulated by forskolin in the mitolP fraction, but present at
levels similar to unstimulated at the whole cell level (Fig. 4.1.B). For example, SSR was 9.4-
fold increased in the mitolP but only 1.4-fold in the whole cell. EMC10 was 9.1-fold increased
in mitolP and not significantly changed at the whole cell level. BLOC1S6 was 2.9-fold increased
in mitolP and unchanged across the whole cell. In contrast, other components of the EMC
complex that were also identified in the mitolP fraction were not induced by forskolin in either
fraction (Fig. 4.1.B). For another SSR complex component, SSR4, the behavior in the fractions
was inverse to SSR3, i.e. whole cell levels increased and mitochondrial levels decreased (Fig.
4.1.B). Interestingly, the three BLOC1 subunits identified all exhibited different behavior with
subunit 4 being unchanged and subunit 1 being decreased in both fractions (Fig. 4.1.B).

BLOC1S1 has been previously identified as localized to mitochondria (Rath et al., 2020).

SSR3 is part of a protein complex also known as the translocon-associated protein complex
(TRAP), which is required for the initiation of translocation of specific proteins across the ER
membrane during their translation (Gemmer & Forster, 2020). It may also be involved in
glycosylation of these proteins (Phoomak et al., 2021). The ER membrane protein complex
(EMC) serves to insert newly translated proteins into the ER membrane (Guna et al., 2018).
Their enrichment may indicate that translation and correct localization of certain proteins at the
ER is supports steroidogenesis. The biogenesis of lysosome-related organelles complex 1
(BLOCA1) is involved in the generation of cell type-specific organelles from early endosomes
by sorting the proteins from various endosomal compartments. It may also be involved in
trafficking of these lysosome-related organelles (LROs) and their association to the
cytoskeleton. The most prominent example of a LRO are melanosomes in melanocytes. They
also include dense and lytic granules in cells of the immune system and lamellar bodies in lung
epithelial cells (Banushi & Simpson, 2022; Huizing et al., 2008). An LRO relating to
steroidogenesis is so far unknown, but since they are related to lysosomes, they may be
involved in cholesterol supply for SG. None of these proteins have previously been connected
to SG regulation. Together, these results suggest that forskolin-induced steroidogenesis
induces increase of specific factors from other organelles at mitochondria. Therefore, |

investigated these candidates further to determine whether they play a role in SG.
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4.1.3 Candidate regulators of steroidogenesis — BLOC1S6, EMC10 and SSR3 — are
upregulated in adrenal cells

Conventional steroidogenic proteins such as StAR and CYP11A1 are highly expressed in
steroidogenic tissues (Miller, 2013). Novel regulators of steroidogenesis may exhibit a similar
tissue-specific expression pattern. To therefore address whether BLOC1S6, EMC10 and SSR3
followed a similar expression profile, the levels of these proteins were compared between
steroidogenic adrenocortical carcinoma NCI-H295R cells and non-steroidogenic kidney
epithelial cell lines 769P and UMRC-2 by immunoblot analysis. Remarkably, each of these
candidates showed elevated expression in steroidogenic adrenal cells compared to non-
steroidogenic kidney cell lines. Of note, SSR3 exhibited an expression profile very similar to
that of StAR or CYP11A1, showing almost exclusive expression in steroidogenic cells (Fig.
4.1C).

4.2 BLOC1S6, EMC10 and SSR3 are novel regulators of steroidogenesis
4.2.1 Loss of BLOC1S6, EMC10 and SSR3 lead to defects in steroid production

If the candidates found enriched by forskolin in mitolP proteomics and highly expressed in
adrenal cells compared to kidney cells are involved in regulation of steroidogenesis, cells
deficient in these proteins would be expected to have decreased steroid production. To this
end genetic knockouts of these candidates were produced by population-level, i.e. non-clonal,
CRISPR/Cas9 delivered to NCI-H295R cells. Clonal knockout cell lines cannot be produced
from NCI-H295R cells because these cells don’t survive when seeded as single cells. As a
control for a known regulator that ablates SG upon deletion, a StAR deficient cell line was also
generated. To control for the effects of generating these cell lines, a control cell line was
generated using a CRISPR/Cas9 vector targeting the pseudogene AAVS1, which is expected
to have no effect on steroidogenesis beyond any stress and adaptation to the lentiviral
transduction and antibiotic selection processes, this cell line will hereto after be referred to as
wild-type (WT). The ablation of target proteins in these cell lines was verified by immunoblot
analysis (Fig. 4.2.C,D).

Steroids secreted from the candidate CRISPR/Cas9 cell lines during forskolin stimulation for
24 h were measured by LC/MS. The intermediate steroids pregnenolone and progesterone
and their derivatives were modestly but significantly decreased for all three candidate
knockouts compared to WT, with the exception of no decrease in 170H-progersterone in
BLOC1S6 KO wupon forskolin stimulation (Suppl. Fig. 4.2.C). Specifically, 17a0OH-
pregnenolone, representative for this group of steroids, was decreased 17% in BLOC1S6 KO,
15% for EMC10 KO and 27% for SSR3 KO (Fig. 4.2.A). For technical reasons, the

quantification standard for pregnenolone could not be accurately detected in this experiment,
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therefore for this compound only relative comparison values are shown (Suppl. Fig. 4.2.A).
Cortisol and 11-deoxycortisol were 38% and 34% reduced in BLOC1S6 KO, 24% and 23%
reduced in EMC10 KO and 9% and 18% reduced in SSR3 KO, respectively (Fig. 4.2.B and
Suppl. Fig. 4.2.D). Notably, all three candidates knockouts show already a small decrease in
pregnenolone, cortisol and many other steroids at basal levels (Fig. 4.2.A,B and Suppl. Fig.
4.2.B-D). These reductions were not statistically significant, likely because non-forskolin
stimulated levels of steroids are very low. In summary, all three tested candidates, BLOC1S6,

EMC10 and SSR3, are required for proper functioning of SG.
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Figure 4.2. Biogenesis of lysosome-related organelles complex 1 subunit 6 is required for
steroidogenesis. A) 170.0H-Pregnenolone, B) cortisol secreted by NCI-H295R CRISPR/Cas9 knockouts
of indicated proteins after 24 h of 10 uM forskolin (F) analyzed by LC/MS. Data are mean * s.d. of n=3
replicates. C, D) Immunoblot analyses corresponding to (A) and (B). E) Pregnenolone and F) cortisol
secreted by NCI-H295R WT (AAVS1 KO) or BLOC1S6 KO following stimulation with 10 uM Forskolin for
indicated time. G) Immunoblot of lysates from the same experiment as (E) and (F). H) Cortisol secreted
by NCI-H295R CRISPR/Cas9 AAVS1 (WT) or BLOC1S6 expressing HA-GFP (e.v.) or HA-BLOC1S6 during
48 h treatment with 10 pM forskolin analyzed by LC/MS. 1) Immunoblot detection for (H). Antibodies:
BLOC1S6, EMC10, SSR3, HA-tag, StAR, CYP11A1 and beta-Tubulin (Tub). Data are mean # s.d. of n=4
replicates. Grey = vehicle DMSO, red=10 uM forskolin, ns=not significant, */#=p<0.05, **/##=p<0.01,
X [HiHH=p<0.001, ****/####=p<0.0001 asterisks refer to comparison indicated by line, hashtags
compare to WT (AAVS1) (two-way ANOVA).
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4.2.2 Biogenesis of Lysosome-related Organelles Complex 1 Subunit 6 is Required for
Steroidogenesis

Of the three potential candidates identified previously, the deletion of BLOC1S6 had the most
pronounced effect on cortisol production. Cortisol is the most important glucocorticoid
produced by adrenal cells (Miller, 2013). For this reason, | decided to further investigate the
role of BLOC1S6 in SG. Due to the small effect observed on pregnenolone and related
steroids, | tested a shorter period of SG stimulation in BLOC1S6 KO, as pregnenolone
induction peaks hours post induction (Fig. 3.1.A). This allows a better assessment of BLOC1S6

KO effects on pregnenolone synthesis.

There was no effect of BLOC1S6 KO compared to WT (Fig. 4.2.G) in pregnenolone induction
by forskolin, at neither 2 h or 24 h (Fig. 4.2.E). Although cortisol is not significantly induced by
forskolin at 2 h a significant decrease by BLOC1S6 KO was already detectable at 2 h. This
cortisol decrease by BLOC1S6 KO in both stimulated and unstimulated conditions persisted
at 24 h (Fig. 4.2.F). Therefore, BLOC1S6 is required for glucocorticoid production, but not

steroidogenesis in general.

Next, in order to substantiate that deficient SG in BLOC1S6 KO cells is due to the absence of
BLOC1S6 and not a side-effect of cell line generation, | asked whether reconstitution of
BLOC1S6 expression could rescue the defect on SG. To do so, BLOC1S6 with an N-terminal
triple HA-tag (3xHA-BLOC1S6) and the same vector expressing 3xHA-GFP as an empty vector
control (e.v.) were introduced in the NCI-H295R BLOC1S6 KO cells (Fig. 4.2.1).

After, both cell lines and WT cells were stimulated with forskolin for 48 h. This timepoint was
chosen as cortisol accumulates over time, and effects on it become more prominent at later
time. Loss of BLOC1S6 led to a significant 45% decrease in forskolin-induced cortisol
accumulation. Basal cortisol production was also ablated by BLOC1S6KO. Re-expression of
BLOC1S6 increased basal cortisol levels, though not to WT levels. But expression of 3xHA-
BLOC1S6 in BLOC1S6 KO was able to restore cortisol production to levels comparable to WT
upon steroid stimulating conditions (Fig. 4.2.H). Thus, BLOC1S6 is a novel regulator of

steroidogenesis.

4.3  Assessment of the localization of BLOC1S6
4.3.1 BLOC1S6 is found in the cytosolic fraction and with membrane-bound organelles

Because the established role of BLOC1S6 is as part of the BLOC1 complex in the generation
of LROs and it is therefore localized to LROs, its identification as enriched in proteomics of
mitochondria raises the question whether it truly localizes to mitochondria and how. Does the

individual protein localize to mitochondria or is an LRO in proximity to mitochondria? To this
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end, | first tested whether BLOC1S6 localizes exclusively to membrane-bound organelles or
whether it is also found in a soluble form, dissociated from membrane-bound organelles such
as LROs.

In order to assess whether BLOC1S6 is a soluble factor or a membrane-associated or
organellar protein, a simple organellar fractionation of unstimulated NCI-H295R cells was
performed. Organelles can be partially separated by differential centrifugation of cell lysates
containing intact organelles (ltzhak et al., 2017). Such organellar suspension is achieved by
trituration. In the separated fractions, the distribution of known marker proteins is used to
assess the identity of the fractions and the quality of separation of organelles. Marker proteins
for lysosomes (LAMP2) and mitochondria (CYP11A1) show enrichment of these organelles in
the membrane fraction and de-enrichment in the soluble fraction in immunoblot. Inversely, the
markers GAPDH for cytosolic proteins and Perilipin 3 (Plin3) for LD, which due to their lipid
content have lower density than other organelles, were enriched in the soluble but not the

membrane-bound organelles fraction (Fig. 4.3.A).

The fractionation results show endogenous BLOC1S6 is present both in the cytosol and the
membrane-bound organelles fraction. The identity of the endogenous BLOC1S6 signal can be
deduced from its absence in BLOC1S6 KO. Similarly, overexpressed 3xHA-BLOC1S6 is
detected both by antibodies against BLOC1S6 and HA-tag in both fractions. The construct
separately expresses GFP as a marker of transduction, which localizes to the cytosol.
Moreover, SSR3 as well as LDLR were also identified in both fractions, but knock-out
verification was not performed for these proteins (Fig. 4.3.A). This data allows two
interpretations: either BLOC1S6, SSR3 and LDLR are partially present in soluble form in the
cytosol, or partially associated with LDs. For BLOC1S6 as a membrane-associated but not
membrane-anchored complex component cytosolic localization is plausible (Lee et al., 2012).
SSR3 and LDLR, which contain transmembrane domains, are less likely to be truly cytosolic
(Gemmer & Forster, 2020; Jeon & Blacklow, 2005).

4.3.2 Isolation of the BLOC1S complex by BLOC1S6-purification to screen for
interactors

Protein-protein interactions can give insight into the function but also the localization of a
protein. | asked whether the interactors of BLOC1S6 include mitochondrial proteins, which
could support contact with or localization to mitochondria. Therefore, isolation of the BLOC1
complex by IP of 3xHA-BLOC1S6 was analyzed by proteomics comparing 3xHA-BLOC1S6
with 3xHA-GFP expressed in NCI-H295R cells.
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In 3xHA-BLOC1S6 IP compared to 3xHA-GFP control IP, | found strong enrichment of BLOC1
subunits 1 through 6, as well as SNAPIN (also known as BLOC1S7) and DTNBP1 (also known
as BLOC1S8). Thus, the entire BLOC1 was isolated intact. In addition, BLOC1-related complex
subunit 5 (BORC5) and subunit 7 (BORCY7) were enriched. These proteins belong to a complex
that also contains BLOC1S1 and BLOC1S2, indicating these two complexes may form a single
supercomplex (Fig. 4.3.B) (Ge et al., 2025; Tunganuntarat et al., 2023). 3xHA-GFP was
strongly de-enriched in this comparison, as expected. Sixteen other proteins were significantly
co-enriched with 3xHA-BLOC1S6 and the other BLOC1 components. Three enriched proteins
were classified as mitochondrial by MitoCarta3.0 (Rath et al., 2020), including Grp E-like
protein 1 (GrpEL1) which is a nucleotide exchange factor (NEF) for mitochondrial heat-shock
protein 70 (mtHsp70), associated with presequence-associated motor complex (PAM)
(Morizono et al., 2024). In summary, the co-enrichment of few mitochondrial proteins may
indicate some form of interaction between BLOC1S6 and mitochondria. However, none of the

co-enriched proteins have been described to function in steroidogenesis.
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Figure 4.3. BLOC1S6 is found in the cytosolic fraction and with membrane-bound organelles.
A) Immunoblot of whole cells (WC), cytosolic/low density (sol), and membrane-bound organelle
(mem) fractions from organellar suspension of NCI-H295R wild-type (wt, AAVS1), BLOC1S6 KO, and
BLOC1S6 KO expressing 3xHA-BLOC1S6. Analyzed for BLOC1S6, HA-tag, LAMP2, CYP11A1, GAPDH,
PLIN3, LDLR, GFP, and SSR3. Non-specific bands detected by anti-BLOC1S6 were cut out, the full
membrane is shown in Suppl. Fig. 2.3. B) Enrichment of proteins by IP anti-HA of NCI-H295R:HA-
BLOC1S6 vs. HA-GFP detected by label-free DIA LC-MS proteomics. C, E) Confocal microscopy on
immunofluorescence-strained fixed NCI-H295R:3xHA-BLOC1S6 using antibodies against HA-tag in
separate combinations with TOM20, Calnexin, Golgin97, LAMP2, EEA1, and Plin3. D, F) Quantification
of of overlap events >100nm of these images. G) MitolP of NCI-H295R AAVS1 (wt) vs. BLOC1S6 KO, and
H) lysolP of wt NCI-H295R immunoblots probed for BLOC1S6, CS, LAMP2 StAR, CALR, CNX, Golgin97
and Plin3.
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4.3.3 Localization of BLOC1S6 in steroidogenic cells

Because BLOC1S6 was found enriched at mitochondria in proteomics (Fig. 3.1B), | attempted
to characterize the subcellular localization of BLOC1S6, in order to elucidate whether it
localizes to mitochondria or is in proximity to mitochondria or other cellular organelles. To this
end, | compared the localization of 3xHA-BLOC1S6 relative to established marker proteins for
other organelles by immunofluorescence (IF) using confocal microscopy. | found that
BLOC1S6 did not co-localize with markers for mitochondria (TOM20), Golgi (Golgin97), ER
(CNX), lysosomes (LAMP2), early endosomes (EEA1), or LD (Plin3) (Fig. 4.3.C,E). However,
frequently points of contact or overlap of BLOC1S6 staining with organellar markers were
observed. Quantification shows more frequent overlap with mitochondria (Tom20) than ER
(CNX) and Golgi (Golgin97) and more frequent overlap with lysosomes (LAMP2) than early
endosomes (EEA1) or LD (Plin3) (Fig. 4.3.D,F). Taken together, BLOC1S6 appears to label an
organelle distinct from the organelles tested here. This organelle may be in contact with other

organelles such as mitochondria, but this requires further investigation.

4.3.4 Isolation of mitochondria or lysosomes does not co-purify BLOC1S6

The question whether BLOC1S6 localizes to mitochondria or lysosomes was also approached
biochemically by mitochondria and lysosome immunopurification. The results show that
BLOC1S6 does not co-IP with either the mitochondria fraction (mitolP) or the lysosome fraction
(lysolP) (Fig. 4.3.G,H). Importantly, steroidogenesis induction with forskolin did not alter this
outcome. Of note, specific enrichment or de-enrichment of expected organellar proteins (CS
for mitochondria, LAMP2 for lysosomes) was observed in both fractions, confirming the
successful isolation of mitochondria and lysosomes. The lack of BLOC1S6 in mitolP analyzed
by immunoblot is in contrast to its identification as enriched in the mitolP fraction by proteomics.
A weak interaction of BLOC1S6 with mitochondria, or only a miniscule fraction of the total
BLOC1S6 in the cell interacting with mitochondria, could explain that proteomics but not
immunoblot identifies BLOC1S6 with isolated mitochondria. The existing data is not sufficient

define BLOC1S6 localization in relation to mitochondria, requiring further study.

4.3.5 Membrane-permeable hydroxycholesterol rescues impaired steroidogenesis in
BLOC1S6KO cells

That BLOC1S6 is required for steroidogenesis (Fig. 4.2.) raises the question how such an
effect is mediated. As the major regulator of steroidogenesis, StAR, is controlling cholesterol
import into mitochondria, involvement in control of cellular cholesterol homeostasis is a likely

mechanism of steroidogenesis regulation. When membrane-permeable 22(R)-
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hydroxycholesterol (22R) is added to cell cultures, it can reach the IMM where CYP11A1 is
located independent of the cellular cholesterol import, transport and storage machineries,
including StAR. Regulation of steroidogenesis via regulation of cholesterol transfer to
mitochondria and import to the IMM can therefore be indicated if the effect of regulator ablation
is diminished by 22R treatment. | then asked whether BLOC1S6 affects steroid production in
a similar fashion. To do so, | examined steroid levels in BLOC1S6 KO supplemented with 22R
with and without forskolin treatment. | found no change of pregnenolone in BLOC1S6 KO in
either unstimulated or forskolin conditions (Fig. 4.4.A), suggesting perhaps a metabolic
adaptation of the cells in cell culture or that small pregnenolone decreases detected in other
experiments were due to metabolic variation. StARKO drastically reduces pregnenolone levels

in all conditions.

However, loss of BLOC1S6 led to a decrease in cortisol levels by 41% and 17%, in basal
conditions and upon forskolin treatment, respectively. Remarkably, 22R supplementation was
sufficient to rescue cortisol levels in BLOC1S6KO (Fig. 4.4.B). Taken together, these results
appear contradictory since rescue by 22R is generally used to infer an effect on cholesterol
import into mitochondria, yet pregnenolone appears unaffected (Lin et al., 1995). This suggests
BLOC1S6KO does not affect cholesterol supply to mitochondria but impairs downstream

corticoid synthesis, and that 22R is able to rescue that effect.

Importantly, 22R supplementation was able to rescue the levels of cortisol but not
pregnenolone in StAR KO upon steroid-stimulating conditions, consistent with previous reports
for cortisol but not pregnenolone (Lin et al., 1995; Miller & Auchus, 2011) (Fig. 4.4.B). Due to
pregnenolone being depleted at 48 h (Fig. 2.1.A), itis likely more rapidly processed into further
steroids than produced from 22R here. In a preliminary experiment, treatment with higher
levels of 22R did not improve production of steroids by StAR KO cells further (data not shown).
Furthermore, neither BLOC1S6 KO nor 22R treatment affected StAR or CYP11A1 expression
levels (Fig. 4.4C).

In summary, | first identified BLOC1S6 through its enrichment at mitochondria by
steroidogenesis induction. | found it is required for full functioning of SG as its ablation reduced
glucocorticoid production. Whether it truly interacts with mitochondria and how it supports

steroidogenesis remains to be elucidated.
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5 Discussion

5.1 Steroidogenesis in adrenocortical carcinoma cells
5.1.1 Human adrenocortical carcinoma cells are a tool to study steroidogenesis in vitro

Here, | used the patient-derived NCI-H295R adrenocortical carcinoma cells as an in vitro cell
culture model to study steroidogenesis (Gazdar et al., 1990). | confirmed that forskolin induces
steroidogenesis in the synthesis NCI-H295Rs; at early time points following induction
pregnenolone and other early intermediates are detected, while by 24 h and later time points
cortisol accumulates (Fig. 3.1.A,B) (Kurlbaum et al., 2020). Therefore, steroidogenesis was

mostly assessed at 24 hours following forskolin stimulation.

Cholesterol is key to the production of steroids, but also essential for membrane integrity and
a multitude of cellular functions, and is thus required for cellular replication (van Meer et al.,
2008). The main sources of cholesterol are the liver and dietary uptake (Spady & Dietschy,
1983). Circulating lipoprotein-bound cholesterol levels are controlled by the liver. But
steroidogenic cells may need to adapt to very sudden dramatic increase in cholesterol demand
when induced to produce steroids by tropic hormones. Adrenocortical and other steroidogenic
cells can produce cholesterol de novo (Miller, 2013). | sought to discern how quickly previously
produced or taken up cholesterol is used up by adrenal cells during steroidogenesis and how
big the contribution of de novo synthesis is. | expected endogenous synthesis to contribute
most cholesterol, as the cells are cultured without serum during steroidogenesis experiments,
as is standard in the field (Kurlbaum et al., 2020). Surprisingly, using isotope-labeled glucose,
| found that the fraction of cholesterol generated by de novo synthesis was minimal at 24 h
(Fig. 3.1.F). Similarly, only small fractions of pregnenolone and cortisol were isotope-labeled
(Fig. 3.1.D,E). However, stimulation of SG by forskolin increased labeled steroids, indicating
newly synthetized cholesterol contributes to SG in this system. After 48 h SG in isotopic labeled
glucose fed cells, the fraction of labelled cholesterol and steroids rises dramatically (Fig. 3.1.D-
F). At this time the fraction of labeled pregnenolone (about 30%) was comparable to the fraction
of labeled cholesterol, therefore synthetized cholesterol is efficiently trafficked to mitochondria
for SG. Remarkably, the fraction of cortisol labeled remained low (about 12%), despite
increasing with SG stimulation and over time. This shows that the SG pathway from

pregnenolone to cortisol is quite slow.

These findings, indicate two key insights: first in vitro adrenal cells rely primally on stored
cholesterol for the production of steroid hormones; second, they exhibit a remarkable ability to
sustain steroidogenesis using stored cholesterol up to 48 h, highlighting the dynamic turnover
of cholesterol in this process. Since SG in vivo mostly depends on cholesterol uptake, it is not
surprising that SG cells have significant cholesterol storage capacity (Miller, 2013). This may
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allow these cells to rapidly respond to SG stimulation because the uptake pathway(s) may be

too slow to satisfy the sudden increase in cholesterol demand upon SG stimulation.

It is well established that the supply of cholesterol into mitochondria is the most important point
of regulation of steroidogenesis. This step is regulated by StAR (Miller, 2013). My finding that
the cholesterol utilized for SG is coming from mostly already present cholesterol in this adrenal
model suggests that these cells need to coordinate its mobilization from storage or through the
redirection of cholesterol still within the endolysosomal uptake pathway to mitochondria. This

raises the question of how this mobilization is regulated.

5.1.2 Functional mitochondria are required for steroidogenesis

Mitochondria are essential to cellular metabolism, they are the site of production for several
important metabolites, and they produce energy used throughout the cell. Since cholesterol
production and its conversion into steroids is highly energy consuming, it may be unsurprising
that inhibition of ATP synthase, ablation of the mitochondrial membrane potential and inhibition
of ETC complexes abolishes steroidogenic function (Fig. 3.2.A,B,D). Notably, all treatments
used to impair mitochondrial function also reduced or eliminated induction of StAR by forskolin
(Fig. 3.2.C,E). This indicates that these mitochondrial mechanisms are directly required for
StAR function. The alternative that CYP11A1 and other mitochondrial or ER-resident
steroidogenic enzymes are not receiving enough reductive equivalents to support their function
has been ruled out by others (Allen et al., 2006; Duarte et al., 2007).

An increase of mitochondrial mass could theoretically support enhanced steroidogenic
capacity. However, the fact that mitochondrial genome translation was not required for
steroidogenesis suggests that its induction does not stimulate or correlate with mitochondrial
biogenesis. Another way mitochondrial function can be modulated during steroidogenesis is
regulation of mitochondrial fission and fusion, termed mitochondrial dynamics. Mitochondrial
fusion has been shown to be both induced and essential for angiotensin ll-stimulated SG in
adrenal cells (Helfenberger et al., 2019). Therefore, | investigated whether this phenomenon
also occurs during forskolin stimulation. My findings show, that mitochondria in adrenal cells
stimulated by forskolin did not display hyperfused mitochondria, which indicates this fusion is
not required for steroid hormones synthesis (Fig. 3.2.F). Angiotensin-stimulated
mineralocorticoid production occurs more rapidly compared to forskolin-stimulated
glucocorticoid synthesis, so | speculate that the rate of steroid synthesis rather than the overall
SG capability is enhanced by mitochondrial fusion during angiotensin Il-stimulated

steroidogenesis.

46



5.1.3 Lysosomes contribute more than cholesterol mobilization for steroidogenesis

Cholesterol that is internalized while bound to circulating LDL is endocytosed and processed
by the endolysosomal pathway (Miller & Auchus, 2011). The release of this cholesterol requires
functional lysosomes. Therefore, | investigated the contribution of lysosomal function during
steroidogenesis. When | inhibited lysosomal acidification, which is essential to lysosomal
function, steroidogenesis was dampened (Fig. 3.3.A,B). However, addition of membrane-
permeable 22R did not rescue this phenotype, suggesting that lysosomes provide more than
just cholesterol for steroidogenesis. Similarly, inhibition of NPC1 which mobilizes cholesterol
did not impair steroidogenesis (Infante et al., 2008). For both 22R treatment and NPC1
inhibition, controls showing they achieved the desired effect were not included in the
experiment. If the observed effects can be reproduced with proper controls, these results would

suggest lysosomes support steroidogenesis in other ways.

Hypothetically, lysosomes may support the uptake and processing of nutrients for the iron-
sulfur cluster cofactor biosynthesis that is required for the redox pathway that fuels cytochrome
P450 enzymes which make up many steroidogenic enzymes. But these enzymes are relatively
stably expressed in steroidogenic cells, including adrenal cells, such that biosynthesis is not
induced and should not be required for acute steroidogenic stimulation (Miller, 2013). This
renders this pathway unlikely to be the reason why functional lysosomes are required. Another
pathway that might be involved is the central regulation of metabolism by mechanistic Target
Of Rapamycin (mTOR). Signaling through mTOR is dependent on lysosomal acidification and
could affect regulation of steroidogenesis (Goul et al., 2023). To this end, phosphorylation of
key mTOR signaling factors could be analyzed during SG induction in combination with

inhibition of lysosomal acidification.

5.1.4 ER stress impairs glucocorticoid synthesis

The ER plays a crucial role in steroidogenesis. For instance, it is the site of cholesterol
synthesis and sensing, as well as the production of intermediate steroids. Furthermore, the ER
is a major hub of protein translation. Although StAR is produced in the cytosol and translation
of steroidogenic enzymes is not induced during acute steroidogenesis other regulators of
steroidogenesis may depend on ER translation (Tugaeva & Sluchanko, 2019). | therefore
sought to address the role of ER function during steroidogenesis. Impairing ER translation by
inducing protein misfolding through inhibition of N-glycosylation at the ER inhibited synthesis
of glucocorticoids such as cortisol but not overall steroidogenesis, as intermediate steroids like
pregnenolone were unaffected (Fig. 3.4.A,B and Suppl. Fig. 3.6.A-C). StAR protein levels were

not affected as expected due to its translation in the cytosol. ER stress activated the integrated
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stress response (ISR), a pathway that promotes cellular survival under various stress
conditions (Pakos-Zebrucka et al., 2016). The inhibition of the ISR during tunicamycin
treatment, though it could not be confirmed, did not rescue glucocorticoid levels, suggesting a
direct effect of the stress itself, rather than downregulation of SG by the stress response. Other
methods of induction of ER stress, such as clogging the complexes for ER protein import, could

be used to substantiate this hypothesis.

These results are curious, since the final steps of glucocorticoid synthesis take place in
mitochondria, utilizing intermediate steroids synthetized in the ER as substrates. How ER
stress influences this process is not clear. | speculate that stress at the ER affects the
translocation of intermediate steroids from the ER to mitochondria. On the other hand, in this
experiment pregnenolone production was lower than observed in other 24 h experiments, at
2-fold as opposed to 3-fold (Fig. 3.4.B and Fig. 3.1.A) Potentially, the pregnenolone induction
was for unknown reasons already decreased to such extents that effects on it, and related
steroids, were no longer observable. The experiment would have to be repeated, ideally with
an earlier timepoint included, to learn more about this phenotype. If pregnenolone produced
during shorter time of SG stimulation is also not affected by ER stress, the effect is specific to
glucocorticoids. It would then be interesting to isolate mitochondria from stressed and control
cells to see if the intermediate steroid 11-deoxycortisol, which is produced in the ER and was
here unaffected, is specifically decreased in mitochondria. This result could attribute the
decreased glucocorticoid production during ER stress to transport of the intermediate to

mitochondria.

5.2 Identification of novel regulators of steroidogenesis
5.2.1 Proteomics of mitochondria isolated by IP captures steroidogenic regulators

In this study | have developed an unbiased approached to identify novel regulator of
steroidogenesis. The method for rapid isolation of mitochondria was successfully adapted to
adrenal cells, providing a novel tool for studying compartment specific regulators of
steroidogenesis. With this approach | was able to prominently capture StAR, the key regulator
of steroidogenesis (Fig. 4.1.B). The identical enrichment of StAR in the whole cell and
mitochondria aligns with the current understanding that the cAMP signaling induced by
forskolin or ACTH is controlling transcription of StAR, which is then rapidly translated and
localized to mitochondria. Thus, the relative behavior in the two proteomic datasets can be
used to identify potential novel regulators. If mitochondrial enrichment matches whole cell
enrichment, then the candidate's translation is likely stimulated, or its degradation may be

inhibited. If a protein is strongly enriched in mitochondria, without a corresponding increase at
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the whole cell level, it may have been relocalized to mitochondria rather than newly
synthesized. Mitochondria-specific de-enrichment could indicate either protein degradation or

relocalization from mitochondria to other cellular compartments.

Remarkably, | found that the low-density lipoprotein (LDL) receptor (LDLR) that imports
cholesterol required for steroidogenesis enriched at mitochondria. This is surprising as its
localization had previously been thought to be limited to the plasma membrane and the
endocytotic pathway. If the upregulation was equal in the whole cell, upregulation at
mitochondria could have been interpreted as contamination of the mitolP. Despite this result |
decided not to further pursue LDLR, as its role supporting steroidogenesis is well established.
Additionally, I did not expect import of LDL bound cholesterol to play a significant role in this in
vitro model given that steroidogenesis was induced in the absence of LDL or cholesterol in the
culture medium. However, recently other researchers also observed LDLR at mitochondria
(Zhou et al., 2023). LDL with cholesterol that binds to LDLR and is endocytosed was shown to
be trafficked in vesicles to mitochondria and imported to fuel steroidogenesis. Previously it was
thought that LDL is being degraded in endolysosomes and other cholesterol transport
mechanisms are being activated to supply cholesterol to mitochondria for SG (Miller, 2013).
The multiple known pathways for intracellular cholesterol trafficking are likely to be active in
parallel and may be able to compensate for defects in one of them. The confirmation of LDLR
trafficking to mitochondria by others supports the interpretation that mitochondria-specific

enrichment in my proteomics data reflects protein re-localization to mitochondria.

To find novel regulators of steroidogenesis, | evaluated proteins well established to localize to
mitochondria by MitoCarta (Rath et al., 2020). | expected individual outliers from the overall
behavior of mitochondrial proteins, or proteins behaving similar to StAR. Surprisingly,
mitochondrial proteins clustered together, differently from StAR, with no obvious outliers. For
that reason, no candidates were picked from this group to be further investigated. Overall,
mitochondrial proteins identified at the whole cell level were stable or increasing, while those
found in the isolated mitochondria were mostly stable with a slight trend to be decreased. |
speculate this pattern could reflect a slight delay in mitochondrial protein import that could be
due to increased steroidogenesis or increased import of steroidogenic proteins. Indeed, the
delayed import of StAR itself into mitochondria is established and may cause import of other
mitochondrial proteins to be delayed (Miller, 2025). This could be confirmed in StARKO or cells

capable of StAR-independent SG such as those from the placenta or the brain.
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5.2.2 BLOC1S6 is a novel regulator of steroidogenesis

Since | did not observe unique changes in mitochondrial proteins following steroidogenesis
induction, | instead turned to candidates that were most enriched in mitochondria while
distinctively less enriched across the whole cell. | focused on proteins known to localize to
other organelles contributing to SG, specifically the ER, lysosomes and endosomes, and lipid
droplets. Among these, three subunits of different protein complexes stood out due to their
behavior being remarkably different to the other components of each complex (Fig. 4.1.B).
These include BLOC1S6, associated with lysosome-related organelles (LROs), as well as
EMC10 and SSR3, which belong to two different ER membrane protein complexes involved in

insertion of newly translated proteins into the ER membrane or lumen.

Given that steroidogenesis takes place in specialized organs it is unsurprising that the
expression of steroidogenic regulators and enzymes, such as StAR and CYP11A1, is strongly
elevated in steroidogenic tissues compared to non-steroidogenic tissues (Miller & Auchus,
2011). By comparison of adrenal carcinoma cells to renal cell carcinoma lines | could replicate
this phenomenon for StAR and CYP11A1. The candidates found in mitolP proteomics
displayed similar patterns of strong adrenal expression, which is especially surprising for
components of translation-related machinery at the ER (Fig. 4.1.C). This supports the notion

that these candidates are involved in steroidogenesis.

While the ablation of each candidate decreased steroid production (Fig. 4.2.A,B), in the initial
experiment this effect was most consistent for BLOC1S6, the loss of which affected all
important steroids in the pathways and most strongly decreased glucocorticoids such as
cortisol. Deletion of EMC10 and SSR3 caused defects in most steroids except for the most
important final product, cortisol. On the other hand, effects on intermediate steroids like
pregnenolone and progesterone were most drastic by SSR3 deletion. It is unclear how defects
of intermediate steroid production could be compensated in downstream glucocorticoid
production. One possible explanation is that increased turnover of intermediates led to a
decrease in their steady-state levels, yet how SSR3KO could cause such an effect is equally
unknown. This could be explored further by supplementing these cells with intermediate
steroids and evaluating their turnover compared to wild-type. Taken together, BLOC1S6
emerged as the strongest candidate for a novel regulator of steroidogenesis. This was
confirmed by detection of similar defects in shorter induction of steroidogenesis and its rescue
by re-expression of BLOC1S6 in cells lacking BLOC1S6 (Fig. 4.2.E,F,H). Therefore, the
involvement of BLOC1S6 was investigated further.
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5.2.3 BLOC1S6-containing structures are frequently in proximity to mitochondria

| attempted to validate the detection of BLOC1S6 in mitochondria isolated by IP via
immunoblot. However, | did not detect BLOC1S6 in immunopurified mitochondrial fractions
(Fig. 4.3.G). ltis possible that only a small fraction of the total BLOC1S6 in the cell is localizing
to mitochondria. Additionally, BLOC1S6 may have multiple subcellular localizations, transiently
associating with membrane-bound organelles in a dynamic manner. Low abundance of
BLOC1S6 or transient association of it with mitochondria could explain why it is difficult to
detect using biochemical methods. The antibody against BLOC1S6 used here has low
sensitivity and specificity, resulting in low signal to background ratio and additional non-specific
bands in immunoblot (Fig. 4.3.A). This could explain why in these experiments, proteomics
might have been more sensitive to low levels of BLOC1S6 than immunoblot. To determine
whether this explains the discrepancy, a cell line labeling mitochondria and BLOC1S6 by
different tags could be generated. With such a cell line the mitolP immunoblot analysis could
be repeated to see if detection by an epitope-tag reveals low levels of BLOC1S6 at
mitochondria. BLOC1S6 was also not co-enriched in lysosomes purified by IP of TMEM142,
however this method does not capture all types of endolysosomes and likely does not co-
enrich LROs.

The subcellular localization of BLOC1S6 was also assessed by biochemical separation of
membrane-bound fractions and cytosol. BLOC1S6 was present in both the cytosolic and
membrane-bound fraction (Fig. 4.3.A). This suggests multiple subcellular localizations exist for
BLOC1S6. Alternatively, it could be only transiently associated with membrane-bound
organelles, but this is unlikely based on previous research on BLOC1S6 and BLOC1 which is

established to direct lysosome differentiation to LROs (Jani et al., 2022).

In order to characterize the organelle(s) that BLOC1S6 localizes to it was immunopurified, to
see if interactors from other organelles are co-purified. Two mitochondrial proteins were co-
enriched with BLOC1 subunits (Fig. 4.3.B). That GrpEL1, which is associated with
mitochondrial protein import machinery, was found co-enriched with BLOC1S6 is intriguing. Its
behavior upon SG stimulation, and whether deletion of GrpEL1 mirrors the SG defects of
BLOC1S6 deletion would elucidate whether an interaction between these proteins is required
for steroidogenesis. Remarkably, no LRO proteins other than BLOC1 components were co-
purified with BLOC1S6. This suggests that the association of BLOC1 with LROs may be labile,
furthermore if interaction of this complex with LROs is with low affinity this may also be the

case for its interaction with other organelles.

Characterization of BLOC1S6 localization by confocal microscopy shows localizes to foci,
consistent with how LRO vesicles have been described. However, BLOC1S6-positive foci were

distinct from other organelles, including mitochondria, ER, Golgi, lysosomes, early endosomes
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and lipid droplets (Fig. 4.3.C-F). These results are consistent with LROs being distinct from
other organelles, including endosomes and Golgi, from which they are generated, and
lysosomes, which contain proteins also found in LROs (Ge et al., 2025). Interestingly,
BLOC1S6-positive structures preferentially associated with mitochondria and lysosomes,
when compared to other organelles. This may suggest contacts between these organelles
exist and could play a role in steroidogenesis. Further research in this direction is needed. In
the future, it would be interesting to tag BLOC1S6 to different organelle compartments in cells
lacking endogenous BLOC1S6 and evaluate how this affects steroidogenesis. This could

reveal whether a certain subcellular localization of BLOC1S6 is stimulative for SG.

5.2.4 BLOC1S6 may affect cholesterol that is needed for steroidogenesis

When BLOC1S6 KO was treated with 22R, cortisol levels were rescued, similar to the case in
StAR KO cells (Fig. 4.4.B). Since StAR regulates import of cholesterol into mitochondria for
steroidogenesis, it would stand to reason that BLOC1S6 function impacts cholesterol
homeostasis. However, whether cholesterol import, storage, or supply into mitochondria is
affected cannot be discerned by these results. It is unlikely that cholesterol synthesis is affected
based upon the minor contribution it has to cholesterol used in steroidogenesis during the first
24 h of induction.

That levels of pregnenolone (and other intermediate steroids) is unaffected by BLOC1S6 KO
in most experiments contradicts the notion that BLOC1S6 supports cholesterol supply, as it is
directly synthesized from cholesterol (Fig. 4.2.E; Fig. 4.4.A). Only the first steroidogenesis
experiment performed on these cells showed decreased pregnenolone, which may be due to
inter-experiment variation. On the other hand, glucocorticoid synthesis from intermediate
steroids could be regulated by sensing of cholesterol levels at the — not yet characterized —
point where BLOC1S6 affects cholesterol. Such cholesterol sensing could explain the apparent
contradiction between BLOC1S6 KO not affecting pregnenolone synthesis and its effects being
rescued by 22R. It would be prudent to investigate if the well characterized cellular cholesterol
sensing mechanism through SREBP2 is affected by BLOC1S6 KO. It has been shown that
Insig-2 binds hydroxycholesterol and that this binding mimics the effects of cholesterol binding
to SREBP2 (Radhakrishnan et al., 2007), therefore a mechanism where hydroxycholesterol
can activate cholesterol sensing already exists. If cholesterol sensing by SREBP2 is connected
to SG, this could be explored further by analyzing transcription and translation as well as post-
translational modification of SG enzymes dependent on SREBP2 activation. If glucocorticoid
production is dependent on cholesterol sensing, this would be a novel mechanism of SG

regulation. The concept is plausible, because in other metabolic pathways, such as in the
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synthesis of cholesterol, downstream synthesis steps have been shown to be regulated by the

availability of precursors (Garcia et al., 2024).

53 Conclusion and future directions

Steroidogenesis is a complex metabolic pathway requiring a high level of coordination between
many cellular organelles and their functions. There appears to be a high degree of flexibility
with multiple sources of cholesterol contributing and a variety of mechanisms for its transport.
The existence of StAR-independent steroidogenesis in placenta and brain shows even StAR
is not entirely essential. Thus, the search for factors contributing to steroidogenesis is likely

impeded by compensatory mechanisms for most disruptions and it remains poorly understood.

I found indications that many of the mechanisms contributing to steroidogenesis are
incompletely understood, as lysosomes seem to contribute more than being involved in
cholesterol import and stress from impaired translation at the ER was linked to steroidogenesis.
Compounding this finding, translation-related complexes at the ER appear to be required for
steroidogenesis. More detailed investigation of these organellar functions and the candidates

| found could advance our understanding of steroidogenesis.

| identified BLOC1S6 as a novel contributor to steroidogenesis, particularly glucocorticoids.
However, the mechanism by which BLOC1S6 regulates steroidogenesis and its immediate
function remains unknown. Cholesterol sensing by SREBP2 is a likely candidate mechanism
that needs to be investigated. Whether other BLOC1 subunits are similarly important for
steroidogenesis would indicate either that BLOC1 — as a complex alone or associated to LROs
and their function — or that BLOC1S6 as an individual factor affects steroidogenesis. This can
be evaluated by the effects of knock-out of other BLOC1 subunits on SG. Interestingly,
BLOC1S1 has been described to support recycling of LDLR from endosomes to the plasma
membrane (Zhang et al., 2020). Taken together with the finding of LDLR being trafficked to
mitochondria during SG (Zhou et al., 2023), downregulation of BLOC1S1 and upregulation of
BLOC1S6 could be a mechanism to increase LDLR delivery to mitochondria. Overexpression
and knock-out of BLOC1S1 could be used to test this hypothesis. Furthermore, to better
understand the localization or localizations of BLOC1S6 and the functional implications, one
could selectively manipulate BLOC1S6 localization to explore whether its effects are
localization dependent. Discovery of transient interactors of BLOC1S6 or BLOC1 may be

achieved by cross-linking IP proteomics and could reveal factors by which BLOC1S6 exerts its
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effects on steroidogenesis, which would be especially interesting if those factors are localized

to steroidogenic organelles.

Mutations in BLOC1S6 and other BLOC1 components cause a wide variety of skin and hair
pigmentation phenotypes in humans — called Hermansky-Pudlack syndrome — and rodents
(Huizing et al., 2008). So far, deficiency in SG has not been described in this disease. This
could be due to redundancy in the mechanisms contributing to SG. It would be interesting to
study changes in steroid levels and in protein expression of SG organs of the mouse models

of this disease to characterize the physiological role of BLOC1S6 in SG.
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6 Materials and Methods

Cell lines, culture methods and treatments

The cell lines used in this thesis are listed in Table 1. NCI-H295R cells were cultured in
DMEM/F12 supplemented with ITS-X and 5% NuSerum®, or DMEM/F12 supplemented with
ITS-X and 1% FBS, as well as 1x penicillin/streptomycin. The cell lines 769-P and UMCR-2
were cultured in RPMI1640 with 10% FBS and 1x penicillin/streptomycin. HEK293T cells were
cultured in DMEM with 10% FBS. Culture conditions were 37°C and 5% COZ2. The cells were
regularly tested for mycoplasma contamination by PCR. For experiments, cells were seeded
24 h prior beginning of treatments. During steroidogenic stimulation, cells were cultured in the
respective base media without supplements and treated by the indicated compounds from
stock solutions in DMSO, or in the case of 22(R)-hydroxycholesterol dissolved in ethanol, at

the indicated final concentrations.

Table 1. In vitro cell lines used in this thesis.

Cell line Source

NCI-H295R Katrin Kéhler (Universitatsklinikum
Dresden, Dresden, Germany) and Katia
Helfenberger (Universidad de Buenos
Aires, Ciudad de Buenos Aires, Argentina)

796-P ATCC CRL-1933
UM-RC-2 ECACC 08090511
HEK293T ATCC CRL-1573

Molecular cloning of vectors and delivery by viral transduction

The plasmids used for this thesis were pMXs (Addgene #xx) and pPCHMWS (Addgene #xx) for
overexpression and pLentiCRISPRv2 (Addgene #5296) for knock-outs. Overexpression
vectors were generated using NEBuilder® HiFi DNA Assembly Master Mix according to the
manufacturer’s instructions. The primers used are listed in Table 2. To produce knock-out
pLentiCRISPRv2 vectors, sgRNA sequences were inserted as double-strand DNA oligos using
golden-gate cloning according to the protocol developed by the lab that produced this vector.

The sequences of DNA oligos encoding the sgRNAs are listed in Table 3.

To achieve stable expression, plasmid vectors were transduced using pseudotyped lentiviral
particles. These were produced in HEK293T cells transfected using Xtremegene9 according
to the manufacturer’s instructions. To produce the viral particles the delivered vectors were co-
transfected with the following vectors for viral particle generation: for packing of overexpression
vectors pUMVC (addgene #14887); for packaging of CRISPR/Cas9-KO vectors pSPAX2

(addgene #12260); both combined with the envelope vector pPCMV-VSVG (Addgene 8454). At
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24 h after transfection the culture medium was renewed. On the next day, culture media was
collected from the transfected HEK293T cells and passed through a 0.45 uM PES syringe filter.
This viral suspension was added with 6 pg/mL polybrene to the target cells. After 24 h, fresh
media was added to the cells. After another 24 h, cells were selected with 13 pg/mL puromycin
or 1.3 ug/mL blasticidin, depending on the antibiotic selection resistance gene encoded on the

transduced vector.

Table 2. Primers used in this thesis.

HA-BLOC1S6_IRES_GFP_fwd atgctggagggtccgegggaatgagtgtccctgggecg Fwd
HA-BLOC1S6_IRES_GFP_rev atttacgtagcggccgctcatcacatecttttggetggtctg Rev
HA-BLOC1S1 IRES GFP_fwd atgctggagggtccgegggaatggecccggggagecga Fwd
HA-BLOC1S1_IRES_GFP_rev atttacgtagcggecgctcactaggaaggggcagactgcagetg | Rev

Table 3. ssDNA oligos used for dsDNA oligo annealing into pLentiCRISPRv2.

sgBLOC1S6_1 Fwd CACCGTAAACACTATCATGCCAAGT | Fwd
sgBLOC1S6_1 Rev AAACACTTGGCATGATAGTGTTTAC | Rev
sgBLOC1S6_2 Fwd CACCGTAACTGCCAGACCAGCCAAA | Fwd
sgBLOC1S6_2 Rev AAACTTTGGCTGGTCTGGCAGTTAC | Rev
sgSSR3_1 Fwd CACCGAAGCAACAATGACCACGACC | Fwd
sgSSR3_1 Rev AAACGGTCGTGGTCATTGTTGCTTC | Rev
sgStAR_1 Fwd CACCGGAGCGCATGGAAGCAATGG | Fwd
sgStAR_1 Rev AAACCCATTGCTTCCATGCGCTCC Rev
sgStAR_2 Fwd CACCGCCTCTAAGACCAAACTTACG | Fwd
sgStAR_2 Rev AAACCGTAAGTTTGGTCTTAGAGGC | Rev
sgEMC10_1 Fwd CACCGTCGGTGGTGACGCACCCCGG | Fwd
sgEMC10_1 Rev AAACCCGGGGTGCGTCACCACCGAC | Rev
sgEMC10_2 Fwd CACCGTCACAGCGGCAGCTCAGCG Fwd
sgEMC10_2 Rev AAACCGCTGAGCTGCCGCTGTGAC Rev

Immunoblotting

Cells were harvested by dissociation in accutase solution for 5 min at 37°C, then centrifuged
at 1000xg for 2 min. The supernatant was removed and the cells resuspended in 50-100 uL
lysis buffer (50mM Hepes-KOH pH 7.4, 40mM NaCl, 2mM EDTA, 1.5mM NaVO4, 50mM NaF,
10mM NaPyrophosphate (tetrabasic), 10mM, NaBetaGlycerophosphate (disodium salt
pentahydrate) and 1% Triton X-100) containing protease and phosphatase inhibitor tablets at
4°C.

Protein concentration in lysates was quantified using Pierce™ BCA Protein Assay Kit and to
equal amounts of protein per sample SDS-PAGE sample loading buffer was added to a final
concentration of 1X SDS. In IP or fractionation experiments, protein concentration
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determination was omitted. Samples were then applied to 12% Tris-Glycine gels and separated
by SDS-PAGE for 90 min at 120V. Separated proteins were then transferred to PVDF
membranes by blotting for 95 min at 440 mAmp. The membranes were blocked with tris-
buffered saline (TBS) containing 0.1% Tween20 (TBS-T) and 5% bovine serum albumin (BSA)
for 30-60 min at room temperature (RT). Next, membranes were incubated in TBS-T containing
1% BSA and the primary antibody (1:1000) overnight. The next day, membranes were washed
three times in TBS-T and then incubated with horseradish peroxidase (HRP)-conjugated to
anti-mouse IgG (CST #7076) or anti-rabbit IgG (CST #7074) at a 1:10000 dilution for 4 hours
at RT and chemiluminescence during HRP substrate application was detected using a camera

chamber imager (ChemoStar Imager). The antibodies used are listed in Table 4.

Immunofluorescence Assay

For immunofluorescence (IF) analysis 1x10* cells were plated in a 24-well glass-bottom plate
(Greiner Bio-One). 24 h after plating the experimental treatment was initiated. At the end of the
experiment, cells were fixed in 4% formaldehyde in DMEM/F12 for 10 min at 37°C, then
permeabilized for 20 min with 0.1% triton X100 in PBS at RT, and subsequently blocked in 3%
BSAin PBS for 60 min. Next, the samples were incubated with primary antibodies as indicated
at 1:500 in 3% BSA and 0.01% triton X100 overnight. On the next day, the samples were rinsed
3 times in PBS, and incubated with secondary antibodies anti-rabbit Alexa Fluor Plus 594 (Life
Technologies, #A32740) and anti-rat Alexa Fluor Plus 647 (xxx) at a concentration of 1:2000
for 1 h. After further three rinses in PBS for 5 minutes each, images were taken using an
Olympus IXplore SpinSR spinning disk confocal microscope
https://www.olympuslifescience.com/en/microscopes/inverted/ixplore-spinsr/). All images
were taken with a 100X/1.35 silicon oil objective and excitation with 561 nm and 640 nm lasers

using cellSens software (https://www.olympus-lifescience.com/pt/software/cellsens/).

Mitochondrial Network Analysis

Confocal images were analyzed by MINA using Fiji following the method described in the

original publication (Valente et al., 2017).

Analysis of confocal microscopy

Confocal images were analyzed using Fiji. The cell delimitation was performed by gaussian

blur. Organelles were defined by the area surrounding maximal intensity of fluorescence, their
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size determined by an appropriate threshold. Thus defined organelles were compared and the

overlap with other organelles was quantified.

Table 4. Antibodies used in this thesis.

Target antigen name Supplier Catalog Number
ACTIN Proteintech 66009-1-1G

ATF4 Cell Signaling Technology 11815S
BLOC1S6 Sigma Aldrich HPA039928
CALNEXIN GeneTex GTX109669
CALRETICULIN Cell Signaling Technology 12238S
CYP11A1 Cell Signaling Technology 14217

EMC10 Sigma Aldrich HPA053905-25UL
HA Cell Signaling Technology 3724S

LDLR Novus Biologicals NBP1-06709
SDHA Cell Signaling Technology 11998S

SSR3 Sigma Aldrich HPA014906-25UL
TUBULIN Proteintech 66031-1-1G
VDAC1/2 Proteintech 0866-1-AP

Immunoprecipitation

Cells were scraped from confluent 10-cm dishes, resuspended in ice cold PBS and broken by
trituration. Nuclei were spun out and the supernatant applied to magnetic beads. After
incubation for 3 min, samples were washed 3x with PBS and resuspended in a buffer

appropriate for the respective analysis.

Metabolomics of steroids and cholesterol and proteomics

All metabolomics and proteomics samples that | generated were analyzed by the
metabolomics and proteomics core facilities of the MPI for Biology of Ageing. The methods

used are described below.

GC-MS analysis of small molecules after derivatisation with methoxyamine and
MSTFA

The analysis of polar metabolites was carried out using GC-MS (Gas Chromatography coupled
to a Q-Exactive-Orbitrap mass spectrometer, Thermo Fisher Scientific). For this purpose,
metabolites were derivatized using a two-step procedure starting with an methoxyamination
(methoxyamine hydrochlorid, Sigma) followed by a trimethyl-silylation using N-Methyl-N-
trimethylsilyl-trifluoracetamid (MSTFA, Macherey-Nagel). Analysis was performed as
described previously (Dethloff et al., 2014)with slight modifications.
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In brief: Dried samples were methoxyaminated by re-suspending them in 10 pL of a freshly
prepared (40 mg/mL) solution of methoxyamine in pyridine (Sigma). The samples were
incubated for 45 min at 40°C on an orbital shaker (VWR) at 1500 rpm. In the second step 90
ML of MSTFA spiked with 0.18 pl of C8 - C40 Alkane standard (40147-U, Sigma Aldrich) was
added and the samples were incubated for additional 45 min at 40°C and 1500 rpm. At the end
of the derivatisation the samples were centrifuged for 2 min at 21100x g and the clear
supernatant was transferred to fresh auto sampler vials with conical glass inserts
(Chromatographie Zubehoer Trott). For the GC-MS analysis 0.5 yL of each sample was
injected using a TriPlus RSH autosampler system (Thermo Fisher Scientifc) using a
Split/SplitLess (SSL) injector at 250°C in splitless mode. The carrier gas flow (helium) was set
to 1ml/min using a 30m MEGA-5 MS capillary column (0.250 mm diameter and 0.25 ym film
thickness, MEGA). The GC temperature program was: 1 min at 70°C, followed by a 9°C per
min ramp to 350°C. At the end of the gradient the temperature is held for additional 5 min at
350°C. The transfer line and source temperature are both set to 280°C. The filament, which
was operating at 70 V, was switched on 4.5 min after the sample was injected. During the
whole gradient period the MS was operated in full scan mode covering a mass range m/z 70

and 700 with a scan speed of 20 Hertz and a resolution of 60000.

The GC-MS data analysis was performed using for compound annotation in combination with

the quan module of Trace Finder (Version 5.1, Thermo Fisher Scientific).

The identity of each compound was validated by authentic reference compounds, which were
measured at the beginning or at the end of the sequence; further by matching of the El spectra

and the retention index (RI).

For data analysis the peak areas of extracted ion chromatograms from selected fragment ions
were determined with Trace Finder. The corresponding peak areas from mass peaks of every
required compound were extracted and integrated using the underlying algorithm within Trace
Finder, only in rare cases mass peaks were manually re-integrated. Extracted ion
chromatograms were generated with a mass accuracy of <5 ppm and a retention time (RT)
tolerance of <0.05 min as compared to the independently measured reference compounds.
These areas were then normalized to the internal standards, which were added to the

extraction buffer.

Sample derivatisation with Amplefex Keto

Derivatisation: Amplifex Keto Reagent (AB Sciex, 4465962)
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Dried samples were derivatized with Amplifex Keto reagent according to the provided protocol.
In brief, 50ul freshly mixed reagent is added to the dried sample and incubated at room
temperature for 60 min. Subsequently, 10 ul of H20 were added, mixed and centrifuged for 5

min at 16000 g before transferring to a 1.5ml glass vial with a 300 ul glass insert.

LC-MS analysis of Keto-derivatized steroids

For the LC-HRMS analysis, 2 ul of the derivatized sample was injected onto a 100 x 2.1 mm
HSS T3 UPLC column (Waters). The flow rate was set to 400 pl/min using a binary buffer
system consisting of buffer A (10 mM ammonium formate (Sigma), 0.15% [v/v] formic acid
(Sigma) in water (ULC-MS grade, Biosolve, Valkenswaard, Netherlands). Buffer B consisted
of acetonitrile (ULC-MS grade, Biosolve, Valkenswaard, Netherlands). The column
temperature was set to 40°C, while the LC gradient was: 0% B at 0 min, 0-15% B 0- 4.1min;
15-17% B 4.1 — 4.5 min; 17-55% B 4.5-11 min; 55-70% B 11 — 11.5 min, 70-100% B 11.5- 13
min; B 100% 13 - 14 min; 100-0% B 14 -14.1 min; 0% B 14.1-19 min; 0% B. The mass
spectrometer (Q-Exactive Plus, Thermo Fisher Scientific) was operating in positive ionization
mode recording the mass range m/z 100-1000. The heated ESI source settings of the mass
spectrometer were: Spray voltage 3.5 kV, capillary temperature 300°C, sheath gas flow 60 AU,
aux gas flow 20 AU at 330°C and the sweep gas was set to 2 AU. The RF-lens was set to a

value of 60.

Semi-targeted data analysis for the samples was performed using the TraceFinder software
(Version 5.1, Thermo Fisher Scientific). The identity of each compound was validated by
authentic reference compounds, which were run before and after every sequence and by
internal standards added to the sample upon extraction. Peak areas of [M + H]+ ions were

extracted using a mass accuracy (<3 ppm) and a retention time tolerance of <0.05 min.

For absolute quantification of metabolites in positive and negative ESI MRM (multi reaction
monitoring) mode a Acquity UPLCTM I-class System / XevoTM TQ-S (WatersTM) with
MassLynxTM (WatersTM) were used. With settings for capillary 2.0 kV, desolvation temp.
500°C, desolvation gas flow 800L/Hr, Cone 150L/Hr, Collision Gas Flow 0.08ml/min.
Chromatographic method was addaped from(Matysik & Liebisch, 2017). A phenomenex
KinetexTM 2.6um Biphenyl 100A, 2.1 x 50mm Column was used at 30°C. Solvent A was ULC-
MS-grade water (Biosolve, Valkenswaard, Netherlands) containing 5mM Ammonium Acetate
(Biosolve) + 0.1% Formic Acid (Biosolve) and B ULC-MS-grade Methanol (Biosolve) + 5mM
Ammonium Acetate(Biosolve) + 0.1% Formic Acid (Biosolve). A gradient from 75% A to 0% in
6.1min at a flow rate of 0.5ml/min and an equilibration step from 8.1min to 11min was used.
The MRMs used for quantification are shown in Table1. All compounds were dissolved in

MeOH (100pg/ml). A mix standard was prepared of all the compounds (Mix 1; 10000ng/ml)
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except of 17a-hydroxypregnenolone and DHEAS (Mix 2; 25000ng/ml) in MeOH. For all
compounds a calibration curve was measured. Using concentrations from 0.61-5000 ng/ml for
Mix 1 and from 97.66-25000 ng/mL Mix 2. 10ul of the internal standard (MassChromTM
Steroids Chromsystem Oder No. 72044) was spiked in.

The U(H)PLC-MS data analysis was performed using the open-source software El Maven
(Agrawal et al., 2019)(Version 0.12.0). For this purpose, Waters raw mass spectra files were
converted to mzML format using MSConvert (Chambers et al., 2012)(Version 3.0.22060,
Proteowizard). The identity of each compound was validated by authentic reference
compounds, which were measured at the beginning or at the end of the sequence; further by
matching of the El spectra. For data analysis the peak areas of extracted ion chromatograms
from selected fragment ions were determined with El Maven. The absolute quantification of all

compounds were analysed by R.

Tabelle 5. LC/MS charachteristics of steroids used.

Parent Daughter Cone Collision
Compound (m/z) (m/z) (V) (V) Polarity
Androstenedion 287.2 79.06 54 40 | +
Androstenedion-13C3 290.35 81.2 32 42 | +
DHEA 289 213 80 20 | +
DHEAS 367.22 226.95 2 44 | -
DHEAS-d6 375.33 100.02 16 32| -
Testosterone 289.09 97.1 82 12 | +
Testosterone-d3 292.29 97.1 64 20 | +
Progesterone 315.21 97.16 50 18 | +
Pregnenolone 317.21 281.24 2 16 | +
11-Deoxycorticosterone 331.15 97.1 2 20 | +
11-Deoxycorticosterone-
d8 339.29 100.04 36 22 | +
17-Hydroxyprogesterone 331.29 97.1 18 20 | +
17a-
Hydroxypregnenolone 333.28 279.22 28 16 | +
Corticosterone 347.29 121.11 72 30 | +
Corticosterone-d8 355.29 125.08 70 26 | +
11-Deoxycortisol 347.29 121.04 26 26 | +
11-Deoxycortisol-d5 352.27 128.15 24 36 | +
Cortison 361.22 163.16 56 30 | +
Cortison-d8 369.29 168.11 58 26 | +
Cortisol 363.09 121.13 84 22 | +
Cortisol-d4 367.29 121.12 70 22 | +
Aldosterone 359.35 271.29 24 20 | -
Aldosterone-d4 363.29 335.3 24 16 | -
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Proteomics sample preparation for mitolP
TMTPro Labeling

Tryptic peptides were eluted from STAGE tips with 40% acetonitrile (ACN) /0.1% formic acid
(FA). Four micrograms of the eluted peptides were dried out and reconstituted in 9 pyL of 0.1M
TEAB. Tandem mass tag (TMTpro, Thermo Fisher Scientific cat. No A44522) labeling was
carried out according to manufacturer’s instruction with the following changes: 0.5 mg of
TMTPro reagent was re-suspended with 33 pL of anhydrous ACN. Seven microliters of
TMTPro reagent in ACN was added to 9 uL of clean peptide in 0.1M TEAB. The final ACN
concentration was 43.75% and the ratio of peptides to TMTPro reagent was 1:20. After 60 min
of incubation the reaction was quenched with 2 yL of 5% hydroxylamine. Labelled peptides
were pooled, dried, re-suspended in 200 pL of 0.1% formic acid (FA), split into two equal parts,
and desalted using home-made STAGE tips (Li et al., 2021).

Fractionation of TMTPro-labeled peptide mixture

One of the two parts was fractionated on a 1 mm x 150 mm ACQUITY column, packed with
130 A, 1.7 um C18 particles (Waters cat. no SKU: 186006935), using an Ultimate 3000 UHPLC
(Thermo Fisher Scientific). Peptides were separated at a flow of 30 yL/min with a 88 min
segmented gradient from 1% to 50% buffer B for 85 min and from 50% to 95% buffer B for 3
min; buffer A was 5% ACN, 10mM ammonium bicarbonate (ABC), buffer B was 80% ACN,
10mM ABC. Fractions were collected every three minutes, and fractions were pooled in two

passes (1 + 17,2+ 18 ... etc.) and dried in a vacuum centrifuge (Eppendorf).
LC-MS/MS analysis

Dried fractions were re-suspended in 0.1% formic acid (FA) and separated on a 50 cm, 75 ym
Acclaim PepMap column (Thermo Fisher Scientific, Product No. 164942) and analysed on a
Orbitrap Lumos Tribrid mass spectrometer (Thermo Fisher Scientific) equipped with a FAIMS
device (Thermo Fisher Scientific). The FAIMS device was operated in two compensation
voltages, -50 V and -70 V. Synchronous precursor selection based MS3 was used for the
acquisition of the TMTPro reporter ion signals. Peptide separations were performed on an
EASY-nLC1200 using a 90 min linear gradient from 6% to 31% buffer; buffer A was 0.1% FA,
buffer B was 0.1% FA, 80% ACN. The analytical column was operated at 50°C. Raw files were
split based on the FAIMS compensation voltage using FreeStyle (Thermo Fisher Scientific)

Data analysis

Proteomics data was analyzed using MaxQuant, version 1.6.17.0, (J. Cox & M. Mann, 2008)
using the default parameters against the one-protein-per-gene reference proteome for Homo

sapiens, UP000005640, downloaded August, 2022. Methionine oxidation and protein N-
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terminal acetylation were set as variable modifications; cysteine carbamidomethylation was
set as fixed modification. The digestion parameters were set to “specific’ and “Trypsin/P,” with
two missed cleavages permitted. The isotope purity correction factors, provided by the
manufacturer, were included in the analysis. Differential expression analysis was performed
using limma, version 3.34.9, (M. E. Ritchie et al., 2015) in R, version 3.4.3.

Proteomics sample preparation for HA-BLOC1S6 IP
TMTPro Labeling

Tryptic peptides were eluted from STAGE tips with 40% acetonitrile (ACN) /0.1% formic acid
(FA). Four micrograms of the eluted peptides were dried out and reconstituted in 9 uL of 0.1M
TEAB. Tandem mass tag (TMTpro, Thermo Fisher Scientific cat. No A44522) labeling was
carried out according to manufacturer’s instruction with the following changes: 0.5 mg of
TMTPro reagent was re-suspended with 33 pL of anhydrous ACN. Seven microliters of
TMTPro reagent in ACN was added to 9 uL of clean peptide in 0.1M TEAB. The final ACN
concentration was 43.75% and the ratio of peptides to TMTPro reagent was 1:20. After 60 min
of incubation the reaction was quenched with 2 uL of 5% hydroxylamine. Labelled peptides
were pooled, dried, re-suspended in 200 pL of 0.1% formic acid (FA), split into two equal parts,
and desalted using home-made STAGE tips (Li et al., 2021).

Fractionation of TMTPro-labeled peptide mixture

One of the two parts was fractionated on a 1 mm x 150 mm ACQUITY column, packed with
130 A, 1.7 um C18 particles (Waters cat. no SKU: 186006935), using an Ultimate 3000 UHPLC
(Thermo Fisher Scientific). Peptides were separated at a flow of 30 pL/min with a 88 min
segmented gradient from 1% to 50% buffer B for 85 min and from 50% to 95% buffer B for 3
min; buffer A was 5% ACN, 10mM ammonium bicarbonate (ABC), buffer B was 80% ACN,
10mM ABC. Fractions were collected every three minutes, and fractions were pooled in two

passes (1 + 17,2+ 18 ... etc.) and dried in a vacuum centrifuge (Eppendorf).
LC-MS/MS analysis

Dried fractions were re-suspended in 0.1% formic acid (FA) and separated on a 50 cm, 75 ym
Acclaim PepMap column (Thermo Fisher Scientific, Product No. 164942) and analysed on a
Orbitrap Lumos Tribrid mass spectrometer (Thermo Fisher Scientific) equipped with a FAIMS
device (Thermo Fisher Scientific). The FAIMS device was operated in two compensation
voltages, -50 V and -70 V. Synchronous precursor selection based MS3 was used for the
acquisition of the TMTPro reporter ion signals. Peptide separations were performed on an

EASY-nLC1200 using a 90 min linear gradient from 6% to 31% buffer; buffer A was 0.1% FA,
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buffer B was 0.1% FA, 80% ACN. The analytical column was operated at 50°C. Raw files were

split based on the FAIMS compensation voltage using FreeStyle (Thermo Fisher Scientific).
Data analysis

Proteomics data was analyzed using MaxQuant, version 1.6.17.0, (J. Cox & M. Mann, 2008;
Jurgen Cox & Matthias Mann, 2008) using the default parameters against the one-protein-per-
gene reference proteome for Homo sapiens, UP000005640, downloaded August, 2022.
Methionine oxidation and protein N-terminal acetylation were set as variable modifications;
cysteine carbamidomethylation was set as fixed modification. The digestion parameters were
set to “specific’ and “Trypsin/P,” with two missed cleavages permitted. The isotope purity
correction factors, provided by the manufacturer, were included in the analysis. Differential
expression analysis was performed using limma, version 3.34.9, (Matthew E. Ritchie et al.,
2015; M. E. Ritchie et al., 2015) in R, version 3.4.3.

Statistical analyses and data visualization

One-way ANOVA or two-way ANOVA as indicated were performed in GraphPad Prism 9 or 10

software (https://www.graphpad.com/features).

All plots were generated with GraphPad Prism software version 9 or 10.

Cartoons were made with Biorender (https://www.biorender.com/).

Figures were assembled in Adobe lllustrator 2023

(https://www.adobe.com/products/illustrator.html).

For microscopy image analysis Fiji (https://imagej.net/software/fiji/downloads) was used.
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Supplemental Figure 3.1. Steroid production over time of forskolin stimulation in in NCI-H295R.
A) 170H-Pregnenolone, B) progesterone, C) 11-Deoxycortisol, or D) cortisone secreted by wt NCI-
H295R into the cultured media for the indicated time analyzed by LC/MS. LC/-MS data are mean *
s.d. of n=3 replicates. ‘ = minutes, h = hours, d = days, grey = vehicle DMSO, red = 10 uM forskolin, 65
nd = not detected, ns = not significant, ** = p<0.01, *** = p<0.001, **** = p<0.0001 (two-way
ANOVA).
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Supplemental Figure 3.2. Steroid production from 13C glucose during forskolin stimulation in in
NCI-H295R. A) 170H-Pregnenolone, B) total cholesterol C) 11-Deoxycortisol D) cortisone secreted
by wt NCI-H295R into the cultured media for the indicated time analyzed by LC/MS. E) Cortisol and
F) pregnenolone secreted during culture with different media analyzed by LC/MS. LC/-MS data are
mean t s.d. of n=3 replicates. ‘ = minutes, h = hours, d = days, grey = vehicle DMSO, red = 10 uM
forskolin, nd = not detected, ns = not significant, ** = p<0.01, *** = p<0.001, **** = p<0.0001 (two- 6
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Supplemental Figure 3.3. Steroids produced during forskolin stimulation and mitochondrial
inhibition. A) Pregnenolone B), progesterone, C) corticosterone D) aldosterone, E) deoxycortisol
secreted by WT NCI-H295R during 24 h treatment with 10 uM forskolin, 2 uM antimycin A, 3.7 uM
piericidin or 5 UM rotenone as indicated, analyzed by LC/MS. Data are mean * s.d. of n=3 replicates.
AUC = area under curve. Grey = vehicle DMSO, red = 10 uM forskolin, * = p<0.05, ** = p<0.01, *** =

p<0.001, **** = p<0.0001 (one-way ANOVA).
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Supplemental Figure 3.4. Steroids produced during forskolin stimulation and mitochondrial
inhibition. A) Progesterone, B), 170H-progesterone, C) corticosterone, D) 11-deoxycorticosterone E)
cortisone secreted by WT NCI-H295R during 24 h treatment with 10 uM forskolin, 2 uM antimycin A,
3.7 UM piericidin or 5 UM rotenone as indicated, analyzed by LC/MS. Data are mean % s.d. of n=3
replicates. AUC = area under curve. Grey = vehicle DMSO, red = 10 uM forskolin, */#=p<0.05,
** [H#=p<0.01, ***/H#H=p<0.001, **** /####=p<0.0001; asterisks refer to comparison indicated by
line, hashtags compare to control (two-way ANOVA).
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Supplemental Figure 3.5. Lysosomal acidification is required for steroidogenesis independent of
cholesterol homeostasis. A) Pregnenolone, B) cortisol, C) 170H-progesterone, D) corticosterone, E)
11-deoxycortisol secreted by wt NCI-H295R during 24 h treatment with 10 uM forskolin, 100 nM
bafilomycin, 10 uM uM 22R-hydroxycholesterol or 100 nM ul666A as indicated, analyzed by LC-MS.

F) Immunoblot detection of StAR, CYP11A1, LC3B, LAMP2 and GAPDH for bafilomycin and untreated
samples. G) Immunoblot detection of StAR, CYP11A1, LC3B, LAMP2 and GAPDH for U1666A and
untreated samples. Full blots are shown here, as angiotensin Il (A) stimulation is not discussed in this 69
thesis. Data are mean * s.d. of n=3 replicates. Grey = vehicle DMSO, red = 10 uM forskolin, ns = not
significant, * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001 (two-way ANOVA).
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Supplemental Figure 3.6. ER stress impairs steroidogenesis. A) 17aOH-Pregnenolone, and B)
pregnenolone, C) 170H-Progesterone, D) 11-deoxycortisol, and E) corticosterone secreted by wt NCI-
H295R during 24 h treatment with 10 uM forskolin, and 10 uM tunicamycin, or 1 uM ISRIB as indicated,
analyzed by LC/MS. Data are mean = s.d. of n=3 replicates. Grey = vehicle DMSO, red = 10 uM forskolin,
* = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001 (two-way ANOVA).
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Supplemental Figure 4.1. Specific factors of LROs and ER increase at mitochondria during
steroidogenesis induction. A) Steroids from NCI-H295R WT or expressing 3xHA-GFP-OMP25 treated
with 10 uM forskolin or vehicle DMSO for 24 h analyzed by LC/MS. B) Proteomic changes in the

mitochondrial and the whole cell proteome, induced by forskolin, detected by LC/MS. Green:
mitochondrial proteins as attributed by MitoCarta3.0.
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Deoxycortisol secreted by NCI-H295R CRISPR/Cas9 knockouts with sgRNAs against indicated
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Supplemental Figure 4.3. BLOC1S6 is found in the cytosolic fraction and with membrane-bound
organelles. A) Immunoblot of whole cells (WC), cytosolic/low density (sol), and membrane-bound
organelle (mem) fractions from organellar suspension of NCI-H295R AAVS1, BLOC1S6 KO, and BLOC1S6
KO expressing HA-BLOC1S6. Analyzed for BLOC1S6, full membrane for Fig. 4.3.
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