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Abstract

This thesis investigates inceptor's diverse roles in male reproductive tissues, particularly its
effects on prostate cancer and sperm formation in the testis. Prostate cancer, a malignant
tumor that originates in the prostate gland, is one of the most common cancers affecting men,
particularly those over the age of 50. Aggressive forms that can metastasize rapidly have
generally poor outcomes. Further studies are necessary to understand the biological
mechanisms, progression patterns, and response to treatments and develop targeted
therapies against prostate cancers. Spermatogenesis is the process by which sperm are
produced in the testes, crucial for male fertility. Studying this process will help us understand

male infertility and its genetic factors and identify potential therapeutic targets.

Despite initial descriptive studies in cancers of female reproductive tissues, the stomach, and
pancreas, the molecular aspect of inceptor’s role in cancer progression is mostly unknown. In
the prostate, inceptor localized to luminal and intermediate cells of the glandular epithelium.
In prostate cancer, the expression levels of inceptor exhibited a correlation with prostate
cancer markers. Overexpression of inceptor in a prostate cancer cell line positively impacted
growth hormone signaling, androgen receptor activation, and cell migration, suggesting

inceptor’s functions as an oncogene in prostate cancer.

In the testis, inceptor proved indispensable for spermatid development. Its absence resulted
in male infertility, caused by malformations of the acrosome, a highly specialized organelle in
sperm essential for fertilization. In developing spermatids, we have uncovered a direct role of
inceptor in acrosome formation by mediating cargo delivery to this growing organelle. These
findings underscore inceptor's significance as an intracellular sorting receptor and act as a

basis for studying its role in other secretory organs.

Building on our research in pancreatic beta cells, our studies shed light on Inceptor's dual role:
modulating growth hormone pathways on the cell surface and facilitating intracellular vesicular

trafficking across secretory, lysosomal, and acrosomal compartments.



Index

Y o153 1 = ox F PP PP PP PPPPPPPPPPPPP 1
R 1 ol [0 Tox 1 o] o PP P PP PP PP PPPPPPP PPN 4
1.1  The male reproduCtiVe SYSIEIM ......uuiii i e e e 4
111 Function and anatomy of the teStes ... 4
1.1.2 Function and anatomy of the prostate...........cccccevvviiiiii e, 6

1.2 ProState CaANCET .......couuuuuii e eeieieiite e e e e e et et e e e e e e e nn e s e e e e e e eennnnnas 8
1.2.1 Modeling ProState CANCET........ccoeeiiiiiieeieee e e e e e 8
1.2.2  Signaling pathways in Prostate CaNCEN ............cuvviiiiiiiiiiiiiiiiiiiiieeeee e 9

1.3 SECIEtOry CEIIS ... e 13
1.3.1  Types Of SECIEIOrY CEIIS ...uuniiiiiiecee e 13
1.3.2  The mechanism of cargo sorting and SECretion..............cuvvvvveveiiiiiieiiiiiieenennnn. 14
1.3.3  Acrosome formation as a special type of secretion ..........cccceeeeeeiiiiiiiiiiennneenn, 16

N | T e =T o] (o] PRSPPI 17
14.1 Inceptor expression pattern in healthy tissue ..o, 17
1.4.2 Inceptor eXpression iN VarioUS CANCETS ......ccoeeeeeeeeeeeeeeeee e 17
1.4.3 Functional studies of INCEPLOT .........ooeiiiiiiiii e 18

2 AIMS OF the tNESIS.....eeiiiiieii e 20
3 M BENOAS .. 21
3.1 MOUSE MOAEIS ...ttt e e e e e e s e e e e e e e 21
3.2 HUMAN SAMPIES ..o 21
3.3 Cell CURUIE ..o 21
3.4 IMMUNOTIUOIESCENCE. .....cciiiiiiiiiiiiie e 22
3.5 Co-immunoprecipitation (co-1P), western blotting, and mass spectrometry ........... 23
3.6  Transmission electron microscopy (TEM) sample preparation .............cccccceeeeenenn. 24
3.7 Statistical analySiS..........coouiiiiiiiiiiii 24



4

5

»

3.8 (TS o) =T 1] 0T Lo [T TR 24

Publications fOr diSSEIrtatION ...........ceiviiiiiiiiiiiiiiiiiiii ettt 28
DISCUSSION ...ttt ettt e e e e ettt e e e e e et et e e e e e e e eaeeas 30
5.1  Inceptor’s role across various tISSUES.......ccoviiiiiiiiiiiiiii e 30
5.1.1 Inceptor’s role in the secretory cells of the stomach..................cccoe . 30
5.1.2 Inceptor as a proinsulin degradation reCeptor ........ccoeeeeevvviviiiiiiie e, 31
5.2  Inceptor in male iNfertility ... 32
5.2.1 Inceptor localization in MUNE tESIES ...uuuiiii i i i 32
5.2.2 Proteins essential for acrosome formation ..o, 33
5.2.3  MG6PR in acrosome formation..............coecoiiiiiiiiiiiiieeeeiiiiiee e 33
524 Implications of inceptor’s role in acrosome formation for other tissues........... 34
5.2.5  Evidence of inceptor’s role in autophagy.................eeeveiiiiiiiiiiiiiiiiiiiiiiiiiiiinenns 34
5.2.6 Inceptor as a vesicle-fusion factor.........cccooovei i 35
5.3  INCEPLOr iN ProsState CANCET.........cciiiiiiiiiiiiiieiee e 37
5.3.1 INCEPtOr EXPreSSION IN CANCEN .....ccccieiiiieee e eee e e e e e e earaa s 37
5.3.2  The role of inceptor iN AR aCHIVALION .............uuuuuuiiiiiiiiiiiiiiiiiiiiiiienieieeeeeeeeneeenes 38
5.3.3  The role of inceptor in growth hormone signaling...........cccccooooiiiiiiiiieenn e, 38
5.4  Future research dir€CtiONS ...........cooiiiiiiiiiiiiiiii 40
I o) o101 o] o= 11 0] o IS SO PP PPPPPPPPPPPPPP 41
ADDIEVIALIONS ...t e e a e 42
ACKNOWIEAGEIMENTS ... 44
=T (=T =T [ PP PP PPPPPPPPPP 46



1 Introduction

This thesis focuses on characterizing the cell biological relevance of inceptor, which we named
the insulin inhibitory receptor (gene IIR), in the testes and the role of inceptor in prostate
cancer. Understanding the role of inceptor across different tissues and disease models
contributes to the more thorough functional description of this new receptor and provides basic

knowledge on the potential of inceptor as a therapeutic target.
1.1 The male reproductive system

The organs of the murine male reproductive system such as testes, epididymis, vas deferens,
and prostate are essential for the formation, maturation, storage, and eventual ejaculation of
mature sperm. The development and function of the male reproductive system are steered by
the hormones of the hypothalamic-pituitary-gonadal axis. Of high importance is the
gonadotropin-releasing hormone produced by the hypothalamus, which stimulates the anterior
pituitary to release hormones such as luteinizing hormone and follicle-stimulating hormone,

which act on the somatic cells of the testis (Clavijo & Hsiao, 2018).
1.1.1 Function and anatomy of the testes

The testes are a pair of organs comprised of long tubules that contain the germ cells, as well
as the interstitial space (Figure 1). The two main somatic cell types of testes are Leydig cells
and Sertoli cells. Leydig cells produce testosterone, which is vital for male development and
function. Androgens such as testosterone bind to the androgen receptor (AR), which is broadly
expressed across many cell types, with important roles in the somatic cells of testes and
prostate (Ruizeveld De Winter et al.,, 1991). The AR is an intracellular steroid hormone
receptor that translocates to the nucleus upon activation, thus stimulating the transcription of
androgen-responsive genes. Sertoli cells are part of the germinal epithelium and support the
spermatogonial stem cells and their meiotic and post-meiotic development, maintain the

function of Leydig cells as well as provide structural support (O’Donnell et al., 2022).

The germ cells of the testes are composed of diploid spermatogonia, which differentiate
towards mature spermatozoa in the process of spermatogenesis (Cheng & Mruk, 2010). In

the process, spermatogonia generate primary spermatocytes, which undergo meiosis to



produce spermatids. In the first part of meiosis, the primary spermatocyte produces two
secondary spermatocytes, which divide into four round spermatids in the second meiotic step.
Spermatids develop into sperm in a multistep process called spermiogenesis (Oakberg, 1956).
In this process, a characteristic organelle, the acrosome is shaped (Khawar et al., 2019). The
acrosome is a large vesicle docked at the anterior of the sperm that is essential for oocyte
recognition and oocyte-sperm fusion in a process called acrosome reaction (Aldana et al.,
2021). Acrosomal material is synthesized through the endoplasmic reticulum and Golgi
apparatus in spermatocytes and stored in vesicles until meiosis is completed (Anakwe, 1990;
Escalier et al., 1991; Kashiwabara et al., 1990). The resulting cell is called a Golgi-stage
spermatid, as the acrosomal cargo is near the Golgi apparatus. In the next step, the vesicles
containing the acrosomal material, called proacrosomal vesicles, fuse to form the acrosomal
vesicle harbored to the nuclear membrane at the anterior of the spermatid. The acrosomal
vesicle continues to receive more cargo from the Golgi, resulting in the growth of the vesicle.
As the acrosome grows, it expands over the nuclear surface, creating the cap-phase
spermatid, since the acrosome resembles a cap on the nuclear surface. After this stage, the
round spermatid starts to elongate, while the acrosome continues to expand on the nuclear
surface until it covers most of the nucleus and the acrosomal phase spermatid emerges.
During the maturation stage, the spermatid undergoes further maturation until it is released
into the seminiferous tubule and advances to the epididymis, where sperm maturation
continues (James et al., 2020). Released mature sperm passes through the vas deferens and

the ampulla above the prostate and seminal vesicles and continues to the ejaculatory tract.
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Figure 1 — Schematic representation of the testis and seminiferous tubule. The gross
morphology of the testis and epididymis (left) and cross-section of the seminiferous tubule
(right). The seminiferous tubule contains Sertoli cells that support the development of the germ
cells towards sperm. Round spermatids (cyan) develop into maturing sperm, which then
migrates through the seminiferous tubules towards the epididymis. Created with
BioRender.com.

1.1.2 Function and anatomy of the prostate

The prostate is an accessory male reproductive organ located below the bladder, in
conjunction with the seminal vesicles. The prostate produces seminal fluid, thus contributing
essential components of ejaculate, which maintains sperm viability. The human prostate is
separated into central, peripheral, and transition zones (Figure 2A). In general, the prostate
consists of ducts and acini embedded in stroma. The peripheral zone contains the majority of
the functional glandular tissue and also gives rise to most prostate tumors in humans. On the
other hand, the transition zone is the smallest zone in healthy young individuals, it is however
commonly prone to benign prostatic hyperplasia with advanced age and is less commonly an
origin of prostate cancers. The central zone is not commonly the primary source of prostate

cancers (McNeal, 1981; Zlotta et al., 2013).
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Figure 2 — Schematic representation of the lateral view of the human (A) and murine (B)
prostate. The human prostate consists of the central, peripheral, and transition zones and is
located below the bladder (A). The murine prostate consists of the anterior, ventral, dorsal,
and lateral lobes (B). Created with BioRender.com.

The murine prostate consists of the anterior, ventral, dorsal, and lateral prostate lobes which
warp around the urethra (Figure 2B). Even though the anatomy of the murine prostate is
considerably different from human, the general structure also carries many similarities. As
primary human tissue is only available for descriptive studies, murine models have been used
extensively to study the healthy and diseased prostate. Among the different lobes of the
murine prostate, the anterior lobe shows the most distinct morphology, as it mostly consists of
papillary structures, therefore resembling the human central zone. The ventral prostate on the
other hand has medium or large acini and sparse infoldings. The two murine dorsal lobes are
analogous to the human peripheral zone and are composed of relatively small acini that are
lined by columnar epithelium. The lateral prostate consists of large acini with cuboidal cells

(Ittmann, 2018).

The ducts and acini of the prostate carry out the primary secretory function of the prostate and
are lined by a simple epithelium. The prostate develops from the embryonic prostatic bud and
is morphologically developed at birth in humans and at the time of sexual maturity in rodents
(Aaron et al., 2016). The epithelium upon activation of the AR, develops into two layers: the
basal and luminal layers. These layers contain four distinct epithelial cell types: the small and

flat basal cells, the larger luminal epithelial secretory cells, intermediate cells, and
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neuroendocrine cells (Figure 3). Additionally, stem cells have been also reported within both

the epithelial and stromal layers (Gangavarapu et al., 2022).

Basal cell

Neuroendocrine cell

Luminal cell

Intermediate cell

Figure 3 — Schematic representation of the cross-section of the prostate epithelium.
The prostate epithelium consists of the basal and luminal layers, containing distinct cell types,
such as basal cells, luminal cells, intermediate cells, stem cells, and neuroendocrine cells.
Created with BioRender.com.

Prostate cancer is the most frequently diagnosed cancer in men (Bashir, 2015). Around 80%
of prostate cancers originate from the peripheral zone which is analogous to the murine dorsal
lobe (Zlotta et al., 2013). Prostate cancers are classified based on clinical stage, Gleason
score, and prostate-specific antigen (PSA) levels of the patient (Litwin & Tan, 2017). Localized
prostate cancer is managed either by monitoring, or treatment via surgery and/or radiation.
Metastatic prostate cancer is most commonly treated by chemotherapy and androgen
deprivation, which causes various side effects and resistance to these therapies in many
cases (Litwin & Tan, 2017). Whereas the relative survival rate for patients with localized and
regional prostate cancer is nearly 100%, this rate is only around 32% for patients with

metastatic cancer (Cancer.Net, 2023).

1.2 Prostate Cancer

1.2.1 Modeling prostate cancer

In the past decades, much of our knowledge of prostate cancer came from correlative studies
using human biopsy samples (Taylor et al., 2010). These data provide a strong basis for
research, which is complemented with functional studies in mice. Mice typically do not develop

spontaneous prostate cancers, therefore two fundamentally different approaches have been



used (Ittmann et al., 2013). Firstly, genetically engineered mouse models carry oncogenes or
recombinases restricted to the prostate to induce tumorigenesis. Secondly, xenograft models
utilize human cancer cell lines, and epithelial or stromal cells injected into
immunocompromised mouse models. Murine models provide an opportunity to describe the
physiology of tumors in an in vivo setting, allowing for studying metastases and tumor
microenvironments. However, to study the cell biology of cancers, cultured human cells are
commonly utilized. One of the most widely used in vitro models is the lymph node metastasis
of prostate cancer (LNCaP) cell line, which is androgen-dependent and retains its malignant
phenotype and testosterone responsiveness in xenografts in mice (Abate-Shen & de Almeida,
2022; Horoszewicz et al., 1983). A subline of LNCaP, the LNCaP C4-2 cell line, has been
generated by co-inoculation with a bone stromal cell line in castrated male mice, and even
though they retained their tumor-forming capability, they do not show a dose-dependent
response to testosterone (Van Bokhoven et al., 2003; Wu et al., 1994). PC-3 cells have been
isolated from bone metastasis of prostate adenocarcinoma and they do not respond to

testosterone in culture (Kaighn et al., 1979).

1.2.2 Signaling pathways in prostate cancer

As in many other cancers, tyrosine kinase signaling is pivotal in prostate cancer development
and progression. Tyrosine kinases are a large class of proteins that bind extracellular ligands
which cause activation of their kinase activity. Generally, they are single-pass transmembrane
proteins with a cell-cell communication function relaying cell growth, motility, differentiation,
and metabolic signals. Extracellular ligands, such as growth factors, bind to the extracellular
region of receptor tyrosine kinases. The receptors can exist as monomers or dimers, and
ligand binding will either drive or stabilize active dimers/oligomers and in most cases induce
trans-autophosphorylation, meaning the two proteins phosphorylate each other (Lemmon &
Schlessinger, 2010; Schlessinger, 2000). Phosphorylation of receptor tyrosine kinases drives
the recruitment of a variety of signaling proteins and the engagement of downstream signaling
pathways. This is mediated through Src-homology-2 (SH2) or phosphotyrosine-binding (PTB)
domains, which bind to specific phosphotyrosine residues, acting as protein-interaction
modules (Margolis, 1999; Pawson et al., 2001; S. Zhou et al., 1993). Downstream signaling
proteins can bind either directly or through docking proteins that create large multiprotein

platforms serving as assembly stations for a wide variety of signaling molecules. These



regulate a variety of downstream signaling pathways, such as those mediated by rat sarcoma
virus proteins (RAS) and mitogen-activated protein kinase (MAPK), phosphoinositide 3-
kinases (PI3K), and AKT, or Janus kinase 2 (JAK2)/ signal transducers and activators of
transcription (STAT). In summary, receptor tyrosine kinase signaling pathways transfer
extracellular signals that can drive transcriptional responses in the nucleus, thus modifying
cell growth, migration, and metabolism. Cancer cells often rely on aberrant receptor tyrosine
kinase signaling and constitutive activation of the downstream pathways for growth and
survival advantages. Cancers achieve constitutive receptor tyrosine kinase activation by either
gain-of-function mutations, genomic amplification, chromosomal rearrangements, and/or

autocrine activation (Du & Lovly, 2018).

1.2.2.1 Insulin and IGF receptor signaling

The insulin and insulin-like growth factor 1 receptors (IR and IGF1R) convey cell-cell
communication and promote survival, proliferation, metabolism, and protein synthesis. IR has
two splice variant isoforms, IR-A and IR-B, which form homo- and heterodimers (Ebina et al.,
1985; Ullrich et al., 1985). IR-B predominantly mediates insulin action in metabolic tissues
(Leibiger et al., 2001). This leads to significant challenges in preserving insulin function in
therapies targeting receptor tyrosine kinases. IGF1R can also dimerize with either of the IR
isoforms, forming a hybrid receptor. Both IR and IGF1R are heterotetramers, with two a chains
and two B chains (LeRoith et al., 2021). Upon activation, insulin and IGF receptors convey
signals through several signaling pathways. For instance, phosphorylation of insulin receptor
substrate 1/2 (IRS1/2) activates PI3K, which regulates AKT signaling. AKT is an important
regulator of cell survival, apoptosis, proliferation, cell cycle, and glucose metabolism. It is also
regulated by the mammalian target of rapamycin complex 2 (mTORC?2), which influences
various cellular processes, including protein synthesis and autophagy (Hoxhaj & Manning,
2019). Additionally, the activation of insulin and IGF receptors can lead to the stimulation of
not only the PI3K-AKT signaling axis but also the MAPK pathway. While MAPK signaling
primarily regulates cell division, growth, and differentiation, there is notable cross-talk between
the MAPK pathway and AKT signaling (Wei & Liu, 2002). Through such mechanisms, cells
integrate mitogenic signals with survival and growth cues that maintain cellular and

physiological homeostasis.
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The relevance of the insulin and IGF signaling pathways in prostate cancer progression is also
demonstrated by the connection between diabetes incidence and prostate cancer survival
(Lutz et al., 2018). Based on a tissue microarray assay for immunohistochemistry on samples
from 360 patients with benign prostatic hyperplasia or prostate cancer, IR-a was more
expressed in patients with prostate cancer, and IGF1R was associated with proliferation, as

well as with tumor aggressiveness, especially in patients with diabetes (Broggi et al., 2021).

1.2.2.2 Androgen receptor signaling

Prostate development, function, and homeostasis are dependent on androgen signaling. AR
is a nuclear transcription factor that consists of four distinct domains, the N-terminal domain,
a highly conserved deoxyribonucleic acid (DNA)-binding domain, a hinge region, and a ligand-
binding domain (Claessens et al., 2008). It is activated by androgenic steroids, such as
testosterone. Testosterone can activate AR directly or it can be converted into
dihydrotestosterone (DHT) first, which has a higher affinity to AR (Wright et al., 1996; Z. X.
Zhou et al., 1995). AR is found in its inactive state in the cytosol, stabilized by chaperones.
Filamin-A tethers the hinge domain to the cytoskeleton and is responsible for the release of
AR upon its activation (Loy et al., 2003; Ozanne et al., 2000). Ligand binding activates the AR
and induces a conformational change and nuclear translocation (Figure 4A). In the nucleus,
AR binds to androgen response elements and thereby modulates target gene expression, in
conjunction with almost 200 coregulators. Additionally, the growth hormone pathway has been
shown to modulate AR signaling via different mechanisms of crosstalk, such as through the

PI3K-AKT or Raf-MEK-Erk pathways (Figure 4B) (Zhu & Kyprianou, 2008).

Prostate cancer formation and progression are dependent on AR activation. Therefore,
androgen deprivation therapy is commonly chosen; however, after 18-24 months the
symptoms usually return and the disease progresses (Feldman & Feldman, 2001; Pienta &
Bradley, 2006). This is attributed to the restoration of AR signaling, which is possible through
the following mechanisms: (i) AR amplification or overexpression, (ii) gain-of-function AR
mutations, (iii) intracrine androgen production, (iv) overexpression of AR cofactors, (v) cross-
talk with other signaling pathways, and (vi) expression of constitutively active AR splice

variants (Buchanan et al., 2001; Lonergan & Tindall, 2011).
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Figure 4 — Androgen-dependent (A) and androgen-independent (B) AR activation
pathways. Under androgen-dependent conditions, testosterone or its converted form DHT
binds to the AR, released from chaperones and translocates to the nucleus, activating
downstream target genes modulating growth and metabolism (A). The AR can also be cross
activated via growth hormone receptors (blue) via the AKT pathway (B). Created with
BioRender.com.

1.2.2.3 Modulating the growth hormone pathway in prostate cancer

IGF1R expression, unlike IR, is linked to lethal prostate cancer development (Ahearn et al.,
2018). IGF1R has been found to activate AR cofactors, thereby stimulating the AR pathway
(Zhu & Kyprianou, 2008).

Several studies showed a correlation between IGF signaling and prostate cancer progression,
highlighting the potential of this signaling pathway in prostate cancer therapies (Liu et al.,
2023). Small molecule inhibitors of IGF1R have been developed and tested in animal models.
However, inhibitory small molecules might not be specific enough to avoid cross-reactivity with
the insulin receptor. In contrast, monoclonal antibodies (mAbs) offer a more targeted

approach.
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In preclinical models, several IGF1R-binding mAbs have been investigated. For instance, the
two IGF1R-blocking mAbs cixutumumab and figitumumab have been tested in phase Il clinical
trials. Cixutumumab did not alter prostate cancer biomarkers (Yu et al., 2015), while
figitumumab successfully lowered PSA levels (Chi et al., 2012). After the initial studies, further
trials in combination with other therapeutics were performed, alas with mixed results, likely
due to the patients being in different stages of the disease (Liu et al., 2023). A few antibodies
blocking IGF directly have been developed, such as xentuzumab (Doi et al., 2022) and
dusigitumab (Gao et al., 2011) but their effect on prostate cancer in humans has not yet been

investigated.

Downstream effectors of the growth hormone pathways have also been proposed as therapy
targets. For instance, inhibitors of PI3K-AKT, often combined with mTOR modulators, have
also been investigated for their anti-cancer potential in clinical trials (Gasmi et al., 2022;
Roudsari et al., 2021; Tortorella et al., 2023). Overall, the initial results were encouraging and
several of the trials are still ongoing. Learning more about prostate cancer progression might
help identify which patient groups could benefit from modulating these pathways and pave the

way toward personalized medicine.
1.3 Secretory cells

1.3.1 Types of secretory cells

Secretion is a fundamental process of all cells, starting from prokaryotic cells, through plants,
and mammalian cells, releasing intracellular products from the cell. The functions of secretion
include vital processes such as cell-cell communication, neurotransmission, and digestion.
Secretory cell types are found throughout the mammalian body, within various organs and
tissues, either dispersed in the epithelium or grouped in glands. Glands are an organized
collection of secretory epithelial cells, and they can have an endocrine or exocrine function.
Endocrine glands secrete substances, such as hormones, directly into the bloodstream. On
the other hand, exocrine glands secrete into ducts, which collect their products within tubular,
acinar, or alveolar cavities. Tubular glands have a simple tube-like structure, acinar glands are
pear-shaped with a relatively small cavity or lumen, whereas alveolar cells have large round
inner spaces. Glands might form branched or compound structures, consisting of several

branches and lobules, for example in the prostate (Rehfeld et al., 2017).

13



1.3.2 The mechanism of cargo sorting and secretion

In classical secretory pathways, the secretory protein is translated directly into the lumen of
the endoplasmic reticulum (ER) via its signal peptide. The protein is then directly processed
and folded in the ER and passed on to the Golgi apparatus for further processing. The Golgi
apparatus consists of stacks of cis, medial, and trans cisternae, as well as the trans-Golgi
network (TGN) (Day et al., 2013). The TGN is a major sorting hub in the cell, where newly
synthesized cargo is packaged into vesicles. Additionally, recycled endosomal or endocytosed

cargo can also be returned to the TGN (Gu et al., 2001).

1.3.2.1 Endo-lysosomal protein sorting

Vesicles originating from the cell surface or TGN are referred to as endosomes. Endosomes
form a dynamic system of membranous compartments that act as a trafficking center of the
cell. The primary roles of the endo-lysosomal compartment are degradation, recycling, and
modulation of proteins, thus contributing to cellular homeostasis. Its constituents are early
endosomes, recycling endosomes, late endosomes, and lysosomes. The maturation of early
endosomes to lysosomes is characterized by a decrease in pH as well as changes in the
composition, achieved by tightly regulated sorting systems (Hu et al., 2015). A closely related
degradation machinery, mostly responsible for the degradation of damaged or unused whole
organelles, is defined as macroautophagy. Phagophores encapsulate large subcellular
structures and eventually fuse with a lysosome to form the autolysosome and initiate
degradation (Feng et al., 2013). In secretory cells, which are rich in secretory granules, a
special type of degradation was observed, coined crinophagy by Christian de Duve. In these
instances, secretory granules fuse with lysosomes directly to degrade cargo to prevent

unwanted secretion or gain catabolites.

The TGN is an important hub of pathway branching (Figure 5) (Kienzle & von Blume, 2014).
Cargo from the TGN is “shipped off” to various destinations, such as the endosomes,
lysosomes, plasma membrane, or secretory granules. However, the regulation of these sorting
decisions is not well understood. There are a few known receptors that transport lysosomal
hydrolases to lysosomes by recognizing the mannose-6-phosphate (M6P) tag on the cargo
protein. These are collectively called M6P receptors (M6PRs) and comprise the cation-
independent M6PR (also known as insulin-like growth factor 2 receptor (IGF2R)), the cation-

dependent M6PR, lysosomal integral membrane protein 2 (LIMP-2), and sortilin (Braulke &
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Bonifacino, 2009). The heterotetrameric adaptor protein complexes (AP-1 through AP-5) and
the Golgi-localizing, g-adaptin ear domain homology, ARF-binding protein (GGA) complexes
play an important role in lysosomal targeting of receptors (Gadila & Kim, 2016). The adaptor
proteins are recruited to the membrane via binding to the cytoplasmic portions of receptors
carrying specific signal sequences, such as the YXXO or DXXLL motifs (Bonifacino & Traub,
2003). Clathrin or other coat proteins bind to adaptor proteins and induce vesicle formation.
AP-1 mediates clathrin-coated vesicle trafficking between the TGN and late endosomes,
whereas AP-2 mediates endocytosis from the plasma membrane. AP-3 mediates the transport

of selected cargo towards lysosomes (Braulke & Bonifacino, 2009).

< clathrin endosome/
lysosome
T MeéPR
= M6Ptag secretory cargo
T other sorting
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Figure 5 — Schematic representation of cargo sorting at the TGN. Sorting receptors
recognize cargo at the TGN, such as M6PRs recognizing M6P-tagged cargo (A) or sortilin
mediating lysosomal trafficking of other soluble factors (B). Some secretory cargo is sorted for
regulated secretion (C), while other factors, such as basolateral cargo might be sorted for
constitutive secretion, which is poorly characterized (D). Created with BioRender.com.

1.3.2.2 Dense-core secretory granule sorting

Peptide prohormones are sorted from the TGN to immature granules, which undergo cargo
processing, such as prohormone cleavage, cargo aggregation, lumen acidification, missorted
cargo retrieval, and ion exchange (Baker et al., 1988; Kuliawat et al., 1997; Orci et al., 1987).
Therefore, immature granules undergo numerous changes and molecular events. Mature
granules, on the other hand, are more static and are stored until a specific stimulus triggers

regulated exocytosis (Kogel & Gerdes, 2010). The process of exocytosis is regulated by
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calcium ions (Xue et al., 2021). During this tightly controlled reaction, the secretory granule’s
membrane fuses with the plasma membrane, and cargo is released from the cell (Gerber &

Sudhof, 2002).

Even though mature dense-core secretory granule formation is well-described, the sorting and
packaging of cargo from the TGN into clathrin-coated vesicles is poorly understood (Dikeakos
& Reudelhuber, 2007; Germanos et al., 2021; Orci et al., 1984). Several mechanisms have
been proposed for Golgi exit. Initially, two basic mechanisms were proposed. Firstly, the
existence of a specific sorting receptor (“sorting by entry”) has been suggested in several
studies, but the existence of one general sorting receptor has not been confirmed (Cool et al.,
1997; Irminger et al., 1997). Secondly, a non-selective “bulk-flow” entry from TGN to the
immature granule was proposed, and it was suggested that the content of the maturing granule
is shaped by the selective exit of unwanted proteins, by the mechanism termed “sorting by
exit”. An example of a receptor sorting by exit is the M6PR, mediating the budding of small
vesicles from maturing granules via AP1 (Klumperman et al., 1998). Currently, the general
understanding is that various proteins likely end up in mature secretory granules through a
combination of these mechanisms (Germanos et al., 2021). Very recently, a mechanism
suggesting liquid-liquid phase separation of chromogranin B in beta cells has been proposed

to aid proinsulin sorting at the TGN (Parchure et al., 2022).

1.3.3 Acrosome formation as a special type of secretion

In simple terms, a spermatozoon is a tightly compacted motile DNA package. Spermatids are
the product of the meiotic division of spermatogonia in the testes and are an important
developmental step toward mature sperm. Therefore, round spermatids undergo dramatic
differentiation that changes the cell morphology, cell biology, and metabolism of the cell.
During the process, several organelles are remodeled or discarded (Breucker et al., 1985).
One essential organelle, the acrosome, however, is a characteristic feature of sperm cells.
The acrosome is an acidic organelle that contains many receptors and enzymes that play a
role in sperm-egg recognition and fusion and is irreversibly exocytosed upon sperm-egg
contact (Tulsiani et al., 1998). The synthesis of heavily glycosylated acrosomal material begins
during meiosis in spermatocytes. The cargo is trafficked out of the TGN and remains docked
in proacrosomal vesicles near the Golgi apparatus until meiosis is fully completed and the

round spermatid is formed (Anakwe, 1990; Escalier et al., 1991; Kashiwabara et al., 1990). In

16



the next step, the proacrosomal vesicles move towards the nucleus and attach to the nuclear
membrane, forming a small single acrosome. The acrosome continues to receive cargo from
the Golgi via vesicles, which allows it to grow and expand (Moreno et al., 2000). At the same
time, the nucleus condenses and elongates. By the end of the maturation process, the
acrosome covers most of the nuclear surface, except for the very posterior, where the tail is
located. The process of acrosome formation mirrors the features of secretory granule
formation, as well as lysosome formation (Khawar et al., 2019). Similarly to secretory granules,
the acrosome contains certain secretory components and can be exocytosed. The
resemblance of the acrosome with the lysosome is demonstrated by its acidic pH, the
presence of lysosomal enzymes, and the presence of cargo derived from the Golgi as well as
endosomal compartments. This led to the characterization of the acrosome as a secretory
lysosome, which is a specialized dual-function organelle carrying out both lysosomal and
secretory storage functions present in immune cells and melanocytes (Blott & Griffiths, 2002;
Moreno & Alvarado, 2006). However, a truly unique feature of the acrosome is that it can form

and secrete only a single time in the cell’s lifetime.

1.4 Inceptor

1.4.1 Inceptor expression pattern in healthy tissue

Inceptor has been previously described as KIAA1324, EIG121, and ELAPORL in a handful of
studies. Based on the human protein atlas, high expression has been found in the
gastrointestinal tract, pancreas, prostate, and female reproductive tissues. Comparatively
lower expression was seen in the brain, bronchus, and testis. Tissue-specific cell type analysis
showed a specific enrichment in secretory cells and glands (Bilekova et al., 2023; The Human
Protein Atlas). Among the secretory cell types, inceptor is expressed in both endocrine
(pancreatic islets, pituitary, thyroid) and exocrine tissues (prostate, breast, gastric mucous

cells), as well as special cell types (spermatids).
1.4.2 Inceptor expression in various cancers

It was shown that inceptor expression levels were increased in estrogen-replacement therapy
and endometrial neoplastic proliferations associated with estrogen excess but not in other

uterine tumors that do not rely on estrogen exposure (Deng et al., 2005). The expression of
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inceptor was associated with shorter survival in advanced-stage ovarian/primary peritoneal
high-grade serous carcinoma, and high co-expression with estrogen receptor alpha was
predictive of shorter survival (Schlumbrecht et al., 2011). On the other hand, in gastric cancer,
inceptor was associated with tumor suppression by interacting with 78 kDa glucose-regulated

protein (GRP78) thereby blocking AKT activation (Kang et al., 2015).

1.4.3 Functional studies of inceptor

Further functional studies of inceptor have been done in the cell lines MCF-7 and T-Rex-293,
which proposed the presence of inceptor in the endo-lysosomal system and linked inceptor to
upregulation of autophagy and protection against cell death (Deng et al., 2010). Another study
was done in the stomach, where inceptor was expressed specifically in zymogenic cells, gland
cells that secrete pepsinogen and gastric lipase (Cho et al., 2022). The study builds upon the
transcription factor Muscle, intestine and stomach expression 1 (MIST1), which supports
secretion in several exocrine secretory tissues, such as pancreatic acinar cells and gastric
zymogenic cells. It was demonstrated that inceptor is a target of MIST1, and in the stomach,
it is associated with the Golgi and endosomal compartments. Inceptor knockout zymogenic
cells showed defective secretory granule formation, suggesting the role of inceptor in cargo
sorting at the TGN. Interestingly, no autophagy defect has been observed in knockout stomach

tissue.

We have previously studied the role of inceptor on the cell surface of pancreatic beta cells
(Ansarullah et al., 2021). Beta cells are the insulin-producing cells in the endocrine islets of
Langerhans within the pancreatic tissue. Interestingly, as they release insulin upon a glucose
stimulus, the local concentration of insulin rapidly increases. This potentially triggers the
abundantly present cell-surface pool of IR. This would overactivate the IR signaling pathway
and trigger downstream AKT signaling, potentially causing unwanted proliferation and altered
metabolism. The mechanism by which beta cells avoid this overactivation is still unknown. We
showed that on the cell surface, inceptor interacted with IR and IGF1R through AP-2 and
facilitated their clathrin-mediated endocytosis, preventing active signaling. In inceptor
knockout mice and cells, we found higher activity of the insulin/IGF signaling pathways.
Therefore, inceptor could be a target to modulate the insulin-IGF signaling pathway and

eventually diabetes progression.
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Our most recent results were obtained from human-induced pluripotent stem cell-derived beta-
like cells (SC-B-cells). We found greatly increased proinsulin and insulin stores, glucose-
stimulated insulin secretion, and beta-cell survival in inceptor knockout cells (Siehler et al., in
revision). We showed that inceptor interacted with proinsulin and insulin and targeted them

toward lysosomes for degradation.

19



2 Aims of the thesis

This thesis offers a follow-up on our two most recent findings on inceptor in pancreatic beta
cells, the first one describing how inceptor regulates receptor tyrosine kinases (Ansarullah et
al., 2021) and the second one describing the intracellular trafficking and function of inceptor
in the endo-lysosomal compartment (Siehler et al., in revision). These results help us
understand the function of inceptor across different tissues and profile the role of this

potentially druggable target in different diseases.
Aim 1: Describing inceptor in the context of spermatid development.

Male inceptor knockout mice were found to be infertile. This project aims to characterize male
infertility caused by the lack of inceptor and link the function of inceptor in the testis tissue to
its functions in pancreatic beta cells. By studying the acrosome formation defect in spermatid
development, we can learn about the relationship between inceptor, lysosomes, and secretory
granules and potentially apply the findings to the treatment of male infertility as well as other

secretory diseases.
Aim 2: Understanding the role of inceptor in prostate cancer progression.

The insulin/IGF signaling pathways have been proposed as a molecular target in several
cancers, yet specific targeting of this pathway has not been successful so far. Therefore, novel
molecular targets that modulate this pathway could be used to develop therapies against
various cancers. The scope of the project is to understand the role of inceptor in benign
prostate tissue as well as prostate cancer and how inceptor modulates insulin/IGF signaling

and metastatic processes, such as cell migration.
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3 Methods

3.1 Mouse models

Animal experiments were carried out in compliance with the German Animal Protection Act
and with the approved guidelines of the Society of Laboratory Animals (GV-SOLAS) and of
the Federation of Laboratory Animal Science Associations (FELASA). The GeneTrap allele
has been generated as previously described (Ansarullah et al., 2021). This mouse line was
crossed with FLPe mice (Dymecki, 1996) and the floxed allele was generated (lir").

Homozygous lir"M

mice were crossed with the Rosa26R-Cre mouse line (Soriano, 1999) to
delete the floxed region, resulting in heterozygous inceptor knockout mice (lir"). These mice
were backcrossed onto a C57BL/6 J (Charles River) background and were further used for
colony maintenance. Wildtype, heterozygous, and knockout mice were bred for organ
withdrawal. For downstream analysis, tissues of males between the age of 9-12 weeks were
used. The following primers were used to determine the genotype: 5'-CCAAGGCCAGCGATA
CAACC-3', 5-GGAACTTCGTCGAGATAACTTCGTATAG-3', 5-GTGCACTCTGGGTAGTGT

TC-3.
3.2 Human samples

Informed written consent was obtained from all participants and the Ethics Committee of the
University of Tubingen approved the protocol according to the Declaration of Helsinki. Benign
and cancerous prostate tissue samples were acquired from newly diagnosed prostate cancer
patients who did not receive hormone-altering therapy. The mean age of the patients was 64
years. The tissue samples were snap-frozen for ribonucleic acid (RNA) extraction or
paraffinized for Gleason score determination. For immunohistochemistry, paraffin sections

from prostate cancer patients aged 55-76 with a Gleason score of 3-4 were analyzed.
3.3 Cell culture

LNCaP cells (ATCC, CRL-1740) were cultured in RPMI 1640 supplemented with L-glutamine
(Gibco) with 10% fetal bovine serum (FBS; PAN-Biotech) and passaged twice a week. For
androgen deprivation experiments, the cells were seeded in a 6-well plate and cultured in

RPMI 1640 without phenol red, supplemented with 10% charcoal-stripped FBS for five or
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fourteen days. The medium was changed every two to three days. Cell line generation, as well
as the proliferation, migration, and endocytosis assays, were performed by Katharina

Wissmiller.

3.4 Immunofluorescence

Murine tissue was fixed in 4% paraformaldehyde (PFA) overnight at 4°C, washed with
phosphate-buffered saline (PBS), and dehydrated in 10-30% sucrose. The tissue was
embedded in a tissue-freezing medium (Leica) and frozen on dry ice. The samples were stored
at -80°C. From the cryoblock, sections of 10 uym thickness were cut and dried on glass slides.

The sections were kept frozen at -20°C.

For immunostaining, the cryo-sections were washed in PBS and permeabilized in 0.2% Triton-
X100. Paraffin sections were deparaffinized by washing twice in xylol, rehydrated by a series
of ethanol washes, from 100% to 40%, and finally rinsed in water. For antigen retrieval, the

slides were boiled in 200 mmol/L sodium citrate, pH 6.0.

Both cryo-sections and paraffin sections were stained as follows. First, the tissue was blocked
with 10% FBS, 0.1% bovine serum albumin (BSA), and 3% donkey serum in PBS with 0.1%
Tween-20 (PBS-T) for one hour at room temperature, then incubated with primary antibodies
(Table 1) diluted in blocking solution at 4°C overnight. Then, the slides were washed in PBS
and PBS-T and incubated with secondary fluorophore-conjugated antibodies 1:800 (Table 2)
and 4',6-diamidino-2-phenylindole (DAPI) for 2-4 hours at room temperature. The slides were
then washed in PBS and PBS-T and a coverslip was mounted on the slide with mounting
medium (25% Glycerol, 10% Polyvinyl alcohol, 2% 1,4-Diazabicyclo [2.2.2] octan, 100 mM
Tris). The slides were dried at room temperature overnight and imaged on a Zeiss LSM 880
Airyscan microscope. The images were acquired with Zen Black 2.3 (Zeiss) and the maximum
intensity projection, brightness, and contrast adjustments, as well as noise reduction, were

done in Fiji (Schindelin et al., 2012).
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3.5 Co-immunoprecipitation (co-IP), western blotting, and mass

spectrometry

LNCaP cells were seeded in 10-cm cell culture dishes and harvested after three days with
lysis buffer (1% Triton-X-100, 20 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM
Ethylenediaminetetraacetic acid (EDTA)). After the cells were lysed, the lysate was
centrifuged at 14,000 rpm, 4°C for 10 min. Murine testes were homogenized in a Potter-
Elvehjem homogenizer in 125 mM KCI, 10 mM EDTA, 20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) (pH 7.2), and 1% protease inhibitor cocktail (Sigma).
The homogenized tissue was transferred into a tube and centrifuged at 2000 g, 4°C for 10
min. the supernatant was retrieved, and Nonidet P-40 (NP-40) was added to a final
concentration of 1% to solubilize the sample. A separate sample of the homogenate before
centrifugation was taken and 1% NP-40 was added and this sample was sent to the core

facility for mass spectrometry by Stefanie Hauck.

For co-immunoprecipitation, Protein G SureBeads (BioRad) were washed in PBS-T or Tris-
buffered saline with 0.1% Tween-20 (TBS-T), incubated with corresponding antibodies (Table
1) for 30 minutes at room temperature, washed with PBS-T or TBS-T, and in case of testis
samples, the beads were blocked with 1% BSA for 30 minutes, and washed with TBS-T. The
lysate was added to the beads and incubated with agitation at 4°C overnight. The next day,
the beads were washed with PBS-T or TBS-T and eluted into Laemmli buffer by boiling for 10
minutes for western blotting or heated to 60°C for 10 minutes for mass spectrometry. In

parallel, the input sample was prepared and boiled with Laemmli buffer.

Western blot samples from cell lysates were prepared by lysis in radioimmunoprecipitation
assay (RIPA) buffer, whereas tissue lysates were prepared by adding detergent to
homogenized tissue, as described above. After measuring the protein content by Bicinchoninic
acid (BCA) assay, protein concentration was adjusted and 10 pg of the sample was boiled in
Laemmli buffer. The sample was loaded on an SDS-polyacrylamide gel (BioRad or made in-
house) and the electrophoresis was run at 60-120 V. The separated sample was transferred
to a polyvinylidene fluoride (PVDF) membrane by semi-dry blotting (BioRad). The membrane
was blocked in 5% milk in TBS-T and incubated with primary antibodies diluted in milk or TBS-

T at 4°C overnight (Table 1). The next day, the membrane was washed with TBS-T and
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incubated with secondary horse-radish peroxidase (HRP)-coupled antibodies for one hour at
room temperature (Table 2). The membrane was again washed in TBS-T and developed with
Clarity Western enhanced chemiluminescence (ECL) Substrate (BioRad) with a ChemStudio

western blot imager (Analytik Jena). Signal intensities were quantified by Fiji.
3.6 Transmission electron microscopy (TEM) sample preparation

The 16% PFA stock was prepared by heating powdered PFA in water, and the cooled stock
was kept at -20°C. 4% PFA was prepared freshly by diluting the stock solution in 100 mM
phosphate buffer pH 7.4 by mixing 100 mM dibasic sodium phosphate and 100 mM monobasic
sodium phosphate 81:19. Isolated murine testes were pre-fixed in 4% PFA for 30 minutes at
room temperature and cut in half, then fixed for another 1.5 hours at room temperature. For
embedding in epoxy resin, the tissue was stored in 4% PFA at 4°C and for Tokuyasu cryo-
sectioning for immunogold labeling, the tissue was transferred to 1% PFA. The samples were

then sent to Thomas Kurth (TU Dresden) for further processing and imaging.
3.7 Statistical analysis

Statistical analysis was performed in GraphPad PRISM 9.0, and the statistical test is indicated

in the respective figure legend.
3.8 List of antibodies

Table 1 — List of primary antibodies. * inceptor antibodies were provided by Regina Feederle,
Monoclonal Antibody Core Facility, Helmholtz Munich

Antibody Species Manufacturer Catalog number Application
Anti-5HT Rabbit Neuromics RA20080 Immunofluorescence
Anti-AP1M1 Rabbit Thermo Fisher PA5104319 Co-IP
Scientific

Anti-AP2B2 Rabbit Abcam ab205014 Co-IP

Anti-AP3D1 Mouse DSHB anti-delta SA4 Co-IP

Anti-AR Mouse Santa Cruz sc-7305 Western blot
Anti-AR Rabbit Abcam Ab133273 Immunofluorescence
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Anti-Cathepsin Z Rabbit

Anti-CI-M6PR
Anti-Cytokeratin
5

Anti-Cytokeratin

8/18

Anti-DDX-4

Anti-E-cadherin

Anti-EGFR

Anti-GAPDH

Anti-GATA-4

Anti-Giantin

Anti-GM130

Anti-HSP90

Anti-IGF1R

Anti-IGF1R

Anti-inceptor*

Anti-inceptor*

Anti-inceptor*

Anti-IR

Rabbit
Rabbit
Guinea
pig
Rabbit
Rabbit
Rabbit
Rabbit

Rat

Rabbit

Mouse
Rabbit
Rabbit
Rabbit
Mouse

Rat

Rat

Mouse

Abcam

Thermo Fisher
Scientific

Abcam
OriGene
Cell Signaling

Technology

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Thermo Fisher
Scientific

BioLegend

BD
Biosciences

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology

Cell Signaling
Technology
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ab182575

PA3-850

Ab53121

BP5007

8761

3195

4267

2118

14-9980-80

924302

610822

4874

3024

9750

31A11

2G6

16F6

3020

Co-IP

Immunofluorescence

Immunofluorescence

Immunofluorescence

Immunofluorescence

Immunofluorescence

Western blot

Western blot

Immunofluorescence

Immunofluorescence

Immunofluorescence

Western blot

Immunofluorescence

Western blot

Co-IP

Immunofluorescence

Immunofluorescence

Immunofluorescence

Western blot

TEM

Western blot

Co-IP



Anti-LAMP1

Anti-LAMP2

Anti-LYZL4

anti-MAP1B

Anti-phospho
EGFR

Anti-phospho
IR/IGF1R

Anti-PSA
Anti-PSMA
Anti-SPACA1
Anti-STX7

Anti-TGN38

Anti-B-adaptin

Anti-y-tubulin

control IgG

control IgG

Rat

Rat

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Mouse

Rabbit

Rabbit

Rabbit

Mouse

Mouse

Mouse

Rabbit

BD
Biosciences

Abcam

Proteintech

Abcam

Cell Signaling
Technology

Cell Signaling
Technology

Abcam
Abcam
Abcam
Proteintech

Novus
Biologicals

BD
Biosciences

Sigma Aldrich

Cell Signaling
Technology

Cell Signaling
Technology

Table 2 — List of secondary antibodies

Antibody

Species

Anti-guinea pig Donkey

IgG

Anti-mouse IgG  Donkey

Anti-mouse IgG = Goat

Manufacturer Catalog number
Dianova 706-545-148
Invitrogen A21202

Jackson 115-035-146
ImmunoResearch
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533792

ab13524

17443-1-AP

ab224115

3777

3024

ab53774

ab19071

ab191843

12322-1-AP

NBP1-03495SS

610382

T5326

5415

3900

Immunofluorescence

Immunofluorescence
Western blot

Co-IP

Co-IP

Western blot

Western blot

Western blot
Western blot
Western blot
Co-IP

Immunofluorescence

Western blot

Western blot

Co-IP

Co-IP

Conjugation

Alexa Flour 488

Alexa Fluor 488

HRP



Anti-rabbit 1gG
Anti-rabbit 1gG

Anti-rabbit-gG

Anti-rat IgG
Anti-rat IgG

Anti-rat IgG

Anti-rat IgG

Donkey
Donkey

Goat

Donkey
Donkey

Donkey

Goat

Invitrogen
Invitrogen

Jackson
ImmunoResearch

Invitrogen
Dianova

Jackson
ImmunoResearch

Jackson
ImmunoResearch

27

A21206

A31572

111-035-144

A21208

712-605-150

712-165-153

112-035-175

Alexa Flour 488
Alexa Flour 555

HRP

Alexa Flour 488
Alexa Flour 647

Cy3

HRP



4 Publications for dissertation

Bilekova, S., Garcia-Colomer, B., Cebrian-Serrano, A., Schirge, S., Krey, K., Sterr, M., Kurth,
T., Hauck, S., Lickert, H. (2023). Inceptor facilitates acrosomal vesicle formation in spermatids
and is required for male fertility. Front. Cell Dev. Biol. - Molecular and Cellular Reproduction.

doi: 10.3389/fcell.2023.1240039.
Summary.

Spermatogenesis is an essential process in mammalian reproduction that allows for the
production of mature sperm. During spermatogenesis, a unique organelle, the acrosome,
develops from material originating from the Golgi apparatus. The acrosome is a lysosome-
related organelle that shows similarities with lysosomes and secretory granules. In this
publication, we described inceptor to localize to the proacrosomal vesicles which deliver cargo
between the Golgi and acrosomal vesicle, as well as temporarily to the acrosome. Inceptor
knockout mice showed malformation of the acrosome and thus deformations of the nuclear
shape, as well as a disrupted mitochondrial distribution. We performed mass spectrometry
and co-immunoprecipitation experiments and pinpointed the knockout phenotype to vesicle-
fusion defects. Our findings, alongside other studies across various cell types, confirm that

inceptor acts as a sorting receptor for secretory granules and lysosomes.
Declaration of contribution.

| planned the experiments and communicated the objectives to the collaborators. | bred the
mice for organ withdrawal, as well as maintained the mouse colony. | performed the organ
withdrawal, as well as tissue processing for downstream analyses. | performed the
immunostaining, microscopy, and image processing. | performed the co-immunoprecipitation
and western blotting experiments. | analyzed and interpreted data. | structured and wrote the

manuscript, as well as prepared the figures.
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Wissmiller, K.*, Bilekova, S.*, Franko, A., Lutz, S. Z., Katsburg, M., Gulde, S., Pellegeta, N.
S., Stenzl, A., Heni, M., Berti, L., Haering, H-U., Lickert, H. (2023). Inceptor correlates with
markers of prostate cancer progression and modulates insulin/IGF1 signaling and cancer cell

migration. Mol. Metab. 71, 101706. doi: 10.1016/J.MOLMET.2023.101706 (* Co-first author).

Summary.

Metastatic prostate cancers frequently become hormone-independent, while still relying on
active proliferation and cell survival pathways. Therefore, different pathways of androgen-
receptor activation are used by later-stage prostate cancers. Oftentimes, the insulin/IGF
pathway is active and provides signaling for the maintenance of the proliferative and migratory
phenotype. We studied inceptor as a modulator of the insulin/IGF signaling pathway and
described its expression in the prostate tissue and prostate cancer cell lines. Inceptor
expression levels positively correlated with prostate cancer markers in human prostate cancer
samples and with AR activity in prostate cancer cell lines. Inceptor interacted with IR and
IGF1R and modulated their activity and trafficking in cultured cells. Overexpression of inceptor
induced a higher migratory phenotype and increased IGF1R signaling. In summary, these

findings provide a basic understanding of the role of inceptor in prostate cancer progression.

Declaration of contribution.

| established the staining for inceptor in human prostate samples, stained the samples,
acquired the images, and prepared the figure. Additionally, | cultured the LNCaP cell line for
experiments. | performed the co-immunoprecipitation and some of the western blotting
experiments, as well as analyzed data. | wrote parts of the manuscript. | critically reviewed the

entire manuscript.
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5 Discussion

Previously, we have described inceptor in the regulation of glucose homeostasis and insulin
signaling in murine pancreatic beta cells (Ansarullah et al., 2021). Additionally, we have
recently described the importance of not only beta cells but also neurons in improved glucose
homeostasis in inceptor knockout mice (Grandl et al., 2024). The aim of this thesis is the
further characterization of inceptor, a protein highly expressed across various tissues and
potentially regulated in human disease. By further investigating the phenotype of the inceptor
knockout murine line, | followed up on the infertility of homozygous inceptor knockout male
mice. There is also an emerging body of literature on inceptor’s role in various cancers, such
as ovarian, endometrial, and breast cancer (Deng et al., 2005; Meseure et al., 2020;
Schlumbrecht et al., 2011), which inspired our research on inceptor’s role in prostate cancer

as a prognostic marker and a potential therapeutic target.
5.1 Inceptor’s role across various tissues

Inceptor is expressed across many organs and cell types, with enrichment in secretory cells.
In most organs, inceptor localizes to the perinuclear area, specifically to or close to the Golgi
or TGN compartments. In glandular tissue, such as the prostate, the salivary gland, or the
stomach, inceptor is similarly localized in luminal cells, resulting in a polarized localization of
inceptor towards the lumen. In the cell types investigated, we have observed inceptor
trafficking between the TGN and endosomal compartments. In LNCaP cells, we demonstrated
that a small portion of inceptor reached the plasma membrane from where it was again
endocytosed. Whether inceptor also reaches the plasma membrane in spermatids is
unknown, however, it might be of interest for pharmacological targeting of inceptor in

developing spermatids.
5.1.1 Inceptor’s role in the secretory cells of the stomach

Inceptor is a single-pass transmembrane receptor with a domain with similarities to M6P-
binding domains, as well as to the growth-hormone binding domains of the insulin and IGF
receptors. Yet, future studies will be needed to investigate its ability to bind M6P-tagged
proteins and growth hormones. Nevertheless, due to structural similarities, inceptor has been

previously compared to CI-M6PR (Cho et al., 2022). In this study, the interactome of both
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inceptor and CI-M6PR suggested they might have related roles. While inceptor’s binding
partners hinted towards a role related to secretory granule formation, CI-M6PR had a more
important role in lysosomal trafficking. Our findings in spermatids also suggest that while CI-
M6PR likely carries out a well-described lysosomal delivery function, inceptor has a role in

acrosome formation and proacrosomal vesicle fusion.

5.1.2 Inceptor as a proinsulin degradation receptor

We have also conducted a follow-up study on inceptor’s role in pancreatic beta cells (Siehler
et al., in revision). After our results in murine beta cells (Ansarullah et al., 2021), which indicate
the increase in insulin signaling and improved insulin secretion in inceptor knockout beta cells,
we have investigated the role of inceptor in SC-B-cells. SC-B-cells are derived from human
induced pluripotent stem cells in a six-stage 40-day protocol in vitro by mimicking murine in
vivo development (Velazco-Cruz et al., 2019). Inceptor knockout SC-B-cells presented an
astounding accumulation in proinsulin and insulin and presented a superior glucose-
stimulated insulin secretion capacity, as well as greater survival in vitro and after
transplantation in vivo. We have uncovered that the increase in proinsulin levels can be
explained by a reduction in proinsulin degradation, rather than increased transcription or

defective secretion (Siehler et al., in revision).

Proinsulin is translated directly into the ER and continues through folding and disulfide bridge
formation through the Golgi. From the TGN, it is sorted into immature granules by a heavily
studied, yet incompletely understood mechanism. In immature granules, the C-chain of
proinsulin is cleaved out, whereas the A and B chains form the mature insulin (Germanos et

al., 2021; Omar-Hmeadi & Idevall-Hagren, 2021).

Even though proinsulin is the direct precursor of insulin, it has been shown to be degraded by
several mechanisms (Goginashvili et al., 2015; Orci et al., 1984; Pasquier et al., 2019; Riahi
et al., 2016; Yamamoto et al., 2018). Mechanistically, we propose different pathways by which
inceptor reduces the proinsulin content of the cell. Building upon the foundation of inceptor
bearing resemblance to the M6PRs, we propose that inceptor removes proinsulin from
maturing granules, evidenced by the increase of proinsulin in mature granules of inceptor
knockout mice (Siehler et al., in revision). Additionally, we propose inceptor to mediate the

fusion of proinsulin-containing granules with lysosomes, analogously to the evidence that
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inceptor aids the fusion of proacrosomal granules in spermatids. This direct fusion is called
crinophagy and has been the first observed insulin degradation mechanism (Orci et al., 1984),

with novel insights gained just recently (Vivot et al., 2020).
5.2 Inceptor in male infertility

The male infertility of inceptor knockout has been observed in mice in previous publications
(Cho et al., 2022; T. Tang et al., 2010). However, a mechanistic explanation has not been
provided in these studies. One study suggested the origin of infertility in the prostate, as
inceptor is highly expressed in the secretory cells of prostate epithelium (Cho et al., 2022). We
have established whole-body knockout mice and confirmed that the line cannot be maintained
on a homozygous background, due to male infertility. To investigate the reason for male
infertility of the inceptor knockout line, we found that spermatocytes isolated from inceptor
knockout mice are characterized by a round head (globozoospermia) and reduced motility, as
well as disorganized mitochondria. Therefore, we aimed to perform a detailed analysis of
spermatogenesis in inceptor knockout mice and uncovered that inceptor-knockout spermatids
develop a failure in proacrosomal vesicle fusion at the time of attachment to the nuclear

surface.
5.2.1 Inceptor localization in murine testes

We analyzed the murine testis for inceptor expression and found the highest expression in
early meiotic (pachytene) spermatocytes and early spermatids and no expression in late
spermatids. By confocal microscopy, we could localize inceptor expression close to the
acrosome and TGN but without significant overlap. By immunogold staining and TEM, we
could localize inceptor to proacrosomal vesicles and small vesicles trafficking between the
Golgi and acrosome. These results hinted towards a vesicle-related trafficking role of the
inceptor. Thus, we analyzed the morphology of proacrosomal vesicles and acrosome
development in inceptor knockout testes. Therefore, we employed TEM and concluded that
acrosome development starts normally with proacrosomal vesicle formation and delivery to
the site of acrosome formation. However, the proacrosomal vesicles fail to fuse into a single
acrosomal vesicle. From this point on, we observed fragmentation of the acrosome, and even
though the acrosome attachment site (acroplaxome) develops fully, the acrosome is mostly

lacking. As we also found acrosomal material to partially colocalize with a lysosomal marker
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in inceptor knockout spermatids, we concluded that the fragmented acrosome is eventually

degraded.
5.2.2 Proteins essential for acrosome formation

Other murine knockouts of Golgi and vesicular proteins with defects in spermatogenesis have
been described previously (Fujihara et al., 2012; Han et al., 2017; Pierre et al., 2012; Xiao et
al., 2009; Yao et al., 2002). Interestingly, the knockout of protein interacting with C kinase 1
(PICK1) was also characterized by defects in acrosome formation. PICK1 is a membrane-
curvature-modulating protein, which has been proposed to be important for cargo retrieval
from immature insulin granules (Andersen et al., 2022; Xiao et al., 2009). Similarly, the
knockout of Golgi-associated PDZ and coiled-coil motif-containing protein (GOPC), which has
been shown to regulate insulin secretion, also shows fragmented acrosomes and round
spermatids (Wilhelmi et al., 2021; Yao et al., 2002). Further mouse models with similar

_/_

phenotypes are the Golgi matrix protein 130 (Gm130)™", Sperm acrosome associated 1

““mice. All these show nuclear

(Spacal)™, and Zona-pellucida binding protein 1 (Zpbp1l)
shape defects, as well as an acrosomal defect (Fujihara et al., 2012; Han et al., 2017; Lin et

al., 2007).
5.2.3 M6PR in acrosome formation

As inceptor shows similarities with the M6PRs which also facilitate lysosomal delivery, we
investigated whether the two receptors show overlap in testes. Interestingly, CI-M6PR showed
a vesicular diffused staining and occasionally overlapped with lysosomes but did not seem to
localize close to the acrosome. In inceptor knockout spermatids, CI-M6PR and lysosomes still

occasionally overlap, and their patterns seem to be largely unaltered.

Interestingly, previous literature had conflicting results on the involvement of the M6PRs in
acrosome formation. In the earliest studies, M6PRs were found to associate rather with
LAMP1-positive vesicles and not to colocalize with the acrosome (Martinez-Menérguez et al.,
1996). Follow-up studies suggested that in later stages of spermatid development, CI-M6PR
transiently colocalized with acrosomes and it was proposed to potentially play a role in shaping
the acrosomal content (Moreno, 2003). Opposing this publication, it has been shown that

knocking out the M6PRs did not alter the acrosomal content of selected hydrolases,
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suggesting that there is a different mechanism for their delivery in spermatids (Chayko &

Orgebin-Crist, 2000).

5.2.4 Implications of inceptor’s role in acrosome formation for other tissues

The acrosome has been characterized as a secretory lysosome or lysosome-related
organelle, a specialized organelle with lysosomal and secretory functions (Blott & Griffiths,
2002; Moreno & Alvarado, 2006). Secretory lysosomes are unique organelles present in only
a few cell types. The biogenesis of the acrosome is mainly facilitated by the delivery of Golgi-
derived cargo in small vesicles, whereas lysosomes contain endocytosed material in addition
to Golgi-derived constituents (Khawar et al., 2019). In addition to the involvement of the
secretory and endosomal machinery, the autolysosome has been proposed to play an
important role in acrosome development (Wang et al., 2014). Specifically, Atg7 has been
shown to be indispensable for acrosome formation. In addition, Atg7 has also been shown to

play a role in the degradation of proinsulin in beta cells (Riahi et al., 2016).

Given the similarities between the acrosome and secretory granules, as well as lysosomes
and autophagosomes, results obtained in inceptor's role in acrosome development can
potentially be translated to other secretory cells. This is underlined by findings in the secretory
cell of the stomach, which suggest inceptor’s role in secretory granule maturation (Cho et al.,
2022) and beta cells, where inceptor is involved in immature granule degradation (Siehler,

2023).

5.2.5 Evidence of inceptor’s role in autophagy

Early studies on inceptor suggested its involvement in autophagy regulation (Deng et al., 2010;
Ran et al., 2017). Inceptor overexpression was shown to induce vacuole formation, a hallmark
of autophagy in cancer cell lines, such as T-Rex-293, MDA-231-t, and JEC cells (Deng et al.,
2010; Ran et al., 2017). However, how direct is the effect of inceptor on the vacuolation
remains to be further characterized. On the other hand, knockdown of inceptor in JEC cells
resulted in a mild reduction of the autophagy factor microtubule-associated protein 1B light
chain 3B (LC3B)-positive puncta (Ran et al., 2017), similarly to inceptor knockout SC-p-cells

(Siehler et al., in revision).
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Interestingly, autophagy factors have also been suggested to play a role in acrosome
formation (Wang et al., 2014). However, inceptor was not required for the autophagic activity
of stomach cells (Cho et al., 2022). Nevertheless, future studies in inceptor knockout or

overexpressing cells are necessary to determine whether inceptor directly affects autophagy.

5.2.6 Inceptor as a vesicle-fusion factor

We have proposed inceptor to be directly involved in vesicle-fusion processes in both
pancreatic beta cells and spermatids. In beta cells, we found inceptor localized to the site of
proinsulin-positive secretory granules and lysosomes (Siehler et al., in revision). This closely
resembles the process of crinophagy, which has been demonstrated in both stress and
starvation, as well as steady-state conditions. In stress and starvation, the process has been
termed stress/starvation-induced nascent granule degradation (SINGD) and has been
proposed to be mediated by the tetraspanin CD63, which mediates the routing of proinsulin
granules to degradation (Pasquier et al., 2019). Under growth conditions, RAS-related protein
Rab-7-interacting lysosomal protein (RILP) was shown to prevent insulin granule secretion
and mediate the lysosomal degradation of proinsulin granules (Y. Zhou et al., 2020). Another
study suggested the involvement of vesicle-associated membrane protein 4 (VAMP4) in
mediating the fusion of immature proinsulin-containing granules or small vesicles that bud off
of maturing granules with lysosomes (Li et al., 2022). The latter process has been proposed
to be mediated by M6PRs, clathrin, and AP-1 (Klumperman et al., 1998; Kuliawat et al., 1997).
VAMP4 potentially also mediates the delivery to lysosomes through its interaction with AP-1
(Hinners et al., 2003). We propose that inceptor is also involved in this process with a similar
role to the M6PRs, albeit by directly binding proinsulin and thus being the only direct proinsulin

trafficking receptor yet.

In spermatids, at the time of acrosome formation, inceptor is mostly localized to the
proacrosomal vesicles and less frequently to the acrosome. Our analysis of inceptor’s
interactome in the testis revealed that several vesicle-fusion proteins interact with inceptor.
For instance, the Ras-related protein Rab-3A, has been shown to mediate vesicle transport
towards regulated exocytosis in beta cells and neurons (Leenders et al., 2001; Yaekura et al.,
2003) and insulin granule degradation via macroautophagy (Marsh et al., 2007). Additionally,
we identified syntaxins 7 and 12, both endosomal vesicle fusion factors as interactors of

inceptor (Mullock et al., 2000; B. L. Tang et al., 1998). Another study also investigated the
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5 Discussion

interactome of inceptor and found several vesicular trafficking and Rab-associated proteins

(Cho et al., 2022).

In summary, inceptor acts in different tissues by mediating vesicle or granule trafficking,
delivery, and fusion. In the secretory cells of the stomach, inceptor is necessary for granule
maturation (Cho et al., 2022). In pancreatic beta cells, inceptor acts as a proinsulin and insulin
delivery receptor towards lysosomal degradation, either via direct routing or mediating
granule-lysosome fusion events (Figure 6A) (Siehler et al., in revision). In spermatids, inceptor
mediates acrosomal vesicle formation by mediating vesicle-fusion events at the site of

acrosome formation and acting as an acrosomal trafficking protein (Figure 6B).
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Figure 6 — Similarities between inceptor action in pancreatic beta cells (A) and
developing spermatids (B). In beta cells, inceptor mostly localizes to the TGN and to a lesser
extent immature insulin granules and lysosomes. Inceptor binds proinsulin and directs it for
lysosomal degradation (A), adapted from (Siehler, 2023). In developing spermatids, inceptor
is mostly localized to the proacrosomal vesicles and to a lesser extent to the acrosome, from
which it is retrieved during maturation. Inceptor mediates the fusion between proacrosomal
vesicles and the acrosome (B). Created with BioRender.com.
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5.3 Inceptor in prostate cancer

Manipulating the insulin/IGF signaling pathway has been a proposed therapeutic approach for
regulating the proliferation and survival of cancers (Pollak, 2008). The insulin/IGF signhaling
pathway is especially relevant in advanced prostate cancers, where it has a role in sustaining
androgen signaling (Liu et al., 2023). Therefore, the development of therapeutics modulating
insulin/IGF signaling is sought after. Considering our recent discovery of inceptor as a
modulator of the insulin/IGF signaling pathway in pancreatic beta cells (Ansarullah et al.,
2021), we have investigated the role of inceptor in healthy prostate and prostate cancer. We
uncovered that inceptor overexpression in LNCaP cells increased IGF1R signaling and cell

migration.
5.3.1 Inceptor expression in cancer

Previous studies have investigated the expression patterns of inceptor in various cancers. In
pancreatic cancer, inceptor was downregulated (Wissmiller, 2021). Additionally, the
expression of estrogen receptor § correlated with inceptor expression, and higher co-
expression was also indicative of a better prognosis (Estrella et al., 2014). On the contrary,
some subtypes of ovarian, endometrial, and breast cancer showed increased inceptor
expression compared to healthy tissue. In ovarian cancer, it has been suggested that inceptor
expression was induced by estrogen replacement therapy, and it promoted tumor growth in
vitro (Deng et al., 2010; Ran et al., 2017). In high-grade serous ovarian carcinoma, high
inceptor expression was predictive of shorter survival (Schlumbrecht et al., 2011). In breast
cancer, inceptor expression varied based on the cancer subtype, however, high expression
was observed with high hormone-receptor expression. At the same time, high inceptor
expression was predictive of metastasis-free survival in invasive breast carcinomas (Meseure
et al., 2020). Together, these studies linked inceptor to active hormone signaling in hormone-

dependent cancers.

Based on our findings, inceptor expression positively correlated with the expression of PSA
and prostate-specific membrane antigen (PSMA), two AR-regulated genes that are important
biomarkers of prostate cancer. Therefore, higher inceptor expression is observed in more
progressed cancers, similar to endometrial and ovarian carcinomas. Moreover, inceptor

expression also correlated with the expression of the growth hormone receptors IR, IGF1R,
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and epidermal growth factor receptor (EGFR). Another metric we investigated was the
IR-A/IR-B ratio, which was found to be higher in prostate cancer tissue compared to benign
tissue (Heni et al., 2012). IR-A binds insulin, IGF1, and IGF2 and preferentially activates the
proliferative signaling pathways, whereas IR-B regulates metabolism (Belfiore et al., 2009;
Leibiger et al., 2001). We found that inceptor positively correlated with this ratio, further
suggesting the involvement of inceptor in the regulation of prostate cancer survival through
the growth hormone pathway. Interestingly, another study profiling the expression of novel
cancer markers found lower expression of inceptor to correlate with more aggressive prostate
cancer (Stinnesbeck et al., 2021). It should be noted that this study analyzed samples across
all prostate cancer stages, while our samples were only taken from patients who had not
previously received hormone-altering therapy. These results illustrate the complexity and

variability of marker expression across patient cohorts.
5.3.2 Therole of inceptor in AR activation

Furthermore, we aimed to investigate the regulation of inceptor expression. Interestingly,
during androgen deprivation, LNCaP cells upregulated their inceptor levels with the same
pattern as PSMA. At the same time, active nuclear AR localization correlated with inceptor
expression under androgen deprivation conditions. These results are in line with our
hypothesis of the involvement of inceptor in sustaining AR activity, possibly through its cross-

activation via the IGF1R.
5.3.3 Therole of inceptor in growth hormone signaling

Tamoxifen-inducible B-cell-specific knockout of inceptor increased IR/IGF1R signaling in
murine islets as evidenced by increased phosphorylation of the IR/IGF1R and AKT (Ansarullah
et al., 2021). Inceptor overexpression in the MING cell line, on the other hand, increased the

phosphorylation of IR/IGF1R.

To further investigate whether inceptor modulates the growth hormone pathway in prostate
cancer, we studied inceptor in the LNCaP cell line. Similarly to beta cell lines, inceptor bound
both the IR and IGF1R. We also found that inceptor overexpressing cells increased their
IGF1R pool on the membrane, as well as upregulated the phosphorylation levels of IR or

IGF1R when stimulated with IGF1. Further, inceptor overexpression increased cell migration
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but not proliferation in LNCaP cells. These results suggest that inceptor positively regulates
IGF1R signaling and allows for cross-activation of AR under androgen-deprivation conditions
in LNCaP cells. These findings also highlight the different regulation of the IR/IGF1R pathways
by inceptor in different cell lines, as inceptor overexpression in the murine insulinoma cell line

MING6 had a negative effect on the IR/IGF1R signaling (Ansarullah et al., 2021).

The limitation of the study of inceptor in LNCaP cells was the technical difficulty achieving a
knockout or knockdown in LNCaP cells. Despite Katharina Wissmiller's efforts to achieve a
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9-mediated
knockout, these attempts did not yield successful results (Wissmiller, 2021). Loss-of-function
studies are important for understanding the molecular functions of proteins and are particularly
useful in comparing different loss-of-function phenotypes with cancer progression. Given that
lower expression levels in pancreatic neuroendocrine tumors have been linked to a more
favorable prognosis (Estrella et al., 2014), and since inceptor has been shown to induce tumor
growth in vitro (Ran et al., 2017), exploring loss-of-function studies can provide deeper insights
into tumor suppression in the absence of inceptor. In particular, loss-of-function studies could

provide more mechanistic insight into inceptor’s role in the IGF signaling pathway.

In summary, this thesis has explored the role of inceptor, a protein that plays significant roles
in various biological processes, including glucose homeostasis, insulin signaling, cancer, and
male infertility. Initially, our studies highlighted how inceptor affects insulin signaling and
secretion in pancreatic beta cells, showing that mice lacking inceptor exhibit improved glucose
homeostasis. Further research expanded our understanding to include inceptor's importance
in proinsulin and insulin homeostasis, with a focus on proinsulin degradation. We also
investigated inceptor's role in male fertility, identifying its essential function in the formation of
the acrosome, a key structure in sperm cells. Moreover, we also described the function of
inceptor in prostate cancer, suggesting inceptor's potential as a marker of disease
progression. Mechanistically, our key observations include inceptor's presence in secretory
and glandular tissues, its involvement in the transport of cellular vesicles in different cell types,
and its potential involvement in vesicle fusion events. Further investigation of the mechanism
of inceptor’s action across various tissues could serve as a base for the development of

targeted therapies.
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5.4 Future research directions

Considering the limited number of publications exploring the molecular mechanisms of
inceptor, there is a clear need for additional research to comprehensively understand its role

in health and disease. This could serve as a basis for the development of targeted therapies.

Firstly, we have good evidence of inceptor acting as an insulin/proinsulin degradation receptor
in beta cells. Additionally, future studies could explore whether other peptide hormones or
growth factors also interact with inceptor and what is the physiological effect of this interaction.
Additionally, therapies targeting inceptor for the improvement of glucose homeostasis in

diabetes could offer novel antidiabetic treatment.

In cancer research, it might be worthwhile to further investigate inceptor in the progression of
different types of cancer, particularly hormone-dependent cancers. This could open new

possibilities for cancer diagnostics and therapy.

Finding out that inceptor's roles are linked across different tissues and processes shows us
that learning about its function in one area could help us understand its roles in others. This
approach could lead to new ways to treat diseases, including metabolic disorders, infertility,

and cancer.
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7 Abbreviations

AP-1, 2,3
AR

BCA
BSA
co-IP
CRISPR
DAPI
DHT
DNA
ECL
EDTA
EGFR
ER

FBS
FELASA
GGA
Gm130
GOPC
GRP78
GV-SOLAS
HEPES
HRP
IGF
IGF1/2R
IR

IR
IRS1/2
JAK2
LC3B
LIMP-2
LNCaP
M6P
M6PR
mAb
MAPK
MIST1
mMTORC2
NP-40
PBS
PBS-T
PFA
PI3K
PICK1
PSA
PSMA
PTB
PVDF
RAS
RILP
RIPA
RNA

Adaptor protein complex 1, 2, 3

Androgen receptor

Bicinchoninic acid

Bovine serum albumin

Co-immunoprecipitation

Clustered Regularly Interspaced Short Palindromic Repeats
4' 6-diamidino-2-phenylindole

Dihydrotestosterone

Deoxyribonucleic acid

Enhanced chemiluminescence
Ethylenediaminetetraacetic acid

Epidermal growth factor receptor

Endoplasmic reticulum

Fetal bovine serum

Federation of European Laboratory Animal Science Assaociations
y ear-containing, ADP-ribosylation factor-binding protein
Golgi matrix protein 130

Golgi associated PDZ and coiled-coil motif containing
78 kDa glucose-regulated protein

Gesellschaft fur Versuchstierkunde / Society of Laboratory Animal Science
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Horse-radish peroxidase

Insulin-like growth factor

Insulin-like growth factor 1/2 receptor

Insulin inhibitory receptor

Insulin receptor

Insulin receptor substrate 1/2

Janus kinase 2

Microtubule-associated protein 1B light chain 3B
Lysosomal integral membrane protein-2

Lymph node metastasis of prostate cancer (cell line)
Mannose-6-phosphate

Mannose-6-phosphate receptor

Monoclonal antibody

Mitogen-activated protein kinase

Muscle, intestine and stomach expression 1 (transcription factor)
Mammalian target of rapamycin complex 2

Nonidet P-40

Phosphate-buffered saline

Phosphate-buffered saline with 0.1 %Tween 20
Paraformaldehyde

Phosphoinositide 3-kinases

Protein Interacting with C Kinase 1

Prostate-specific antigen

Prostate-specific membrane antigen
Phosphotyrosine-binding (domain)

Polyvinylidene fluoride

Rat sarcoma virus (protein)

Rab-interacting lysosomal protein
Radioimmunoprecipitation assay

Ribonucleic acid
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SC-B-cells
SH2
SINGD
Spacal
STAT
TBS-T
TEM

TGN
VAMP4
Zpbpl

Human-induced pluripotent stem cell-derived beta-like cells
Src-homology-2

Stress/starvation-induced nascent granule degradation
Sperm Acrosome Associated 1

Signal transducers and activators of transcription
Tris-buffered saline with 0.1 % Tween20

Transmission electron microscopy

Trans-Golgi network

Vesicle-associated membrane protein 4

Zona-pellucida binding protein 1
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Inceptor facilitates acrosomal
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Spermatogenesis is a crucial biological process that enables the production of
functional sperm, allowing for successful reproduction. Proper germ cell
differentiation and maturation require tight regulation of hormonal signals,
cellular signaling pathways, and cell biological processes. The acrosome is a
lysosome-related organelle at the anterior of the sperm head that contains
enzymes and receptors essential for egg-sperm recognition and fusion. Even
though several factors crucial for acrosome biogenesis have been discovered, the
precise molecular mechanism of pro-acrosomal vesicle formation and fusion is
not yet known. In this study, we investigated the role of the insulin inhibitory
receptor (inceptor) in acrosome formation. Inceptor is a single-pass
transmembrane protein with similarities to mannose-6-phosphate receptors
(M6PR). Inceptor knockout male mice are infertile due to malformations in the
acrosome and defects in the nuclear shape of spermatozoa. We show that
inceptor is expressed in early spermatids and mainly localizes to vesicles
between the Golgi apparatus and acrosome. Here we show that inceptor is an
essential factor in the intracellular transport of trans-Golgi network-derived
vesicles which deliver acrosomal cargo in maturing spermatids. The absence of
inceptor results in vesicle-fusion defects, acrosomal malformation, and male
infertility. These findings support our hypothesis of inceptor as a universal
lysosomal or lysosome-related organelle sorting receptor expressed in several
secretory tissues.

KEYWORDS

acrosome, differentiation, male fertility, spermatogenesis, vesicle, localization

1 Introduction

Murine male germ cells show a marked upregulation of over 1500 genes at the onset of
meiosis and the expression of around 350 of these genes is restricted to the male germ line,
many of them directly necessary for the fertility of sperm (Schultz et al., 2003). However,
many testis-specific genes have been found to be dispensable, most likely due to the
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robustness and redundancy of the system (Miyata et al., 2016; Lu
et al,, 2019; Park et al,, 2020). This illustrates the complexity and
evolutionary necessity of the tight regulation of spermatogenesis.
Even though the cell biology of spermatogenesis has been well
described, the molecular mechanism and variety of involved
factors remain poorly characterized.

Spermatogenesis takes place in the seminiferous tubules of the
testis. The spermatogonia undergo mitosis and develop into
spermatocytes. In meiotic spermatocytes of humans and mice,
glycosylated Zymogens,
transmembrane proteins, and other acrosome-specific cargo

heavily soluble hydrolases,
mature through the ER-Golgi networks and are packed into
proacrosomal vesicles (pro-AVs) (Anakwe, 1990; Kashiwabara
et al,, 1990; Escalier et al.,, 1991). In mice, after the completion of
meiosis, spermatids develop in a 16-step process (Oakberg, 1956). In
steps 1-3, pro-AVs fuse and attach to the nuclear membrane
(Escalier et al., 1991; Bermudez et al., 1994). How this process is
initiated and how premature fusion is inhibited, is so far unknown.
Trafficking between the Golgi apparatus and the acrosome is
dynamic and bidirectional, with several Golgi proteins found on
acrosomes that are later retrieved (Moreno et al., 2000). In steps 3-4,
F-actin forms the acroplaxome adjacent to the nuclear membrane to
which keratin V is added in steps 4-5. This cytoskeletal structure
forms the site of pro-AV attachment to the nuclear lamina, initiating
acrosome formation (Kierszenbaum et al., 2004). Adaptor protein 1
(AP-1) has been proposed to be the clathrin-adaptor protein
mediating pro-AV trafficking towards the acrosome (Kang-
Decker et al., 2001). However, it is unknown if AP-1 is present
at the time of fusion and how the pro-AVs merge. Clathrin and
adaptins are expressed in steps 1-5, whereas syntaxins and vesicle-
associated membrane proteins (VAMPs) which mediate membrane
fusion, have been found to localize to the pro-AVs in steps 1-2 and
later to the acrosome (Ramalho-Santos et al., 2001). The acrosomal
shape has been used to describe the characteristic spermatid
development stages: the Golgi phase, when the acrosomal
material is located near the Golgi apparatus, the cap phase, when
the acrosome grows and spreads onto the nuclear surface, the
acrosomal stage, when the nucleus and acrosome elongate, and
finally the maturation stage. The spermatozoon continues to mature
throughout its passage through the epididymis and female
reproductive tract.

The insulin inhibitory receptor (in short: inceptor, gene Iir, also
known as Elaporl) has been previously described in the context of
cancer prognosis and progression (Deng et al., 2005; Kang et al.,
2015; Stinnesbeck et al., 2021; Wissmiller et al., 2023). Moreover, we
have shown that inceptor desensitizes insulin and insulin-like
growth factor (IGF) receptor signaling in pancreatic beta cells
(Ansarullah et al., 2021). Inceptor contains an adaptor protein 2
(AP-2) sorting signal and interacts with the y subunit of AP-2
(Ansarullah et al, 2021). From our most recent findings in
pancreatic beta cells, we propose that inceptor is a sorting and
degradation receptor found in clathrin-coated vesicles budding from
the plasma membrane and trans-Golgi membrane that routes
insulin and proinsulin to lysosomal degradation (Siehler et al.,
unpublished results). Additionally, inceptor has been found to
regulate secretory granule formation in zymogenic cells in the
stomach (Cho et al, 2022). Early spermatids also express
inceptor, and interestingly, the acrosome formation process has
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similarities with both regulated secretion and lysosome biogenesis
(Khawar et al., 2019). Therefore, we hypothesized that inceptor
might play a role in acrosomal trafficking and acrosome formation.

The acrosome is a large granule at the anterior end of the sperm
head essential for sperm-oocyte recognition and fusion (Khawar
et al,, 2019). It is a low-pH organelle that contains Golgi-derived
cargo, which is either acrosome-specific or lysosome-like. Therefore,
the acrosome has been proposed to be a lysosome-related organelle
(Berruti et al,, 2010). It contains several enzymes, zymogens, and
receptors necessary for oocyte recognition. At the time of oocyte-
sperm contact, the acrosome is exocytosed as the outer acrosomal
membrane fuses with the plasma membrane, enabling the sperm to
penetrate the zona pellucida around the oocyte. Then, the inner
acrosomal membrane fuses with the oocyte’s plasma membrane.
The acrosome reaction has been reviewed in detail (Aldana et al.,
2021).

Some of the factors which play a role in insulin granule
formation or secretion are also essential for acrosome formation,
such as Protein interacting with C kinase 1 (PICKI1), Golgi-
associated PDZ- and coiled-coil motif-containing protein
(GOPC), or Mysoin Va (Yao et al, 2002; Kierszenbaum et al,
2003; Varadi et al., 2005; Xiao et al., 2009; Wilhelmi et al., 2021;
Andersen et al., 2022). Moreover, Golgi and lysosomal proteins are
retrieved from acrosomes in pathways resembling retrieval from
maturing secretory granules in neuroendocrine cells, mediated by
AP-1 and STX6 (Klumperman et al,, 1998). The acrosome also
displays similarities with the lysosome, but it is unknown whether it
can carry out lysosomal metabolic functions in sperm. Even though
the acrosome contains several unique proteins, it also contains
typical lysosomal proteins, such as cathepsin D and H (Moreno
and Alvarado, 2006). In addition to the acrosome’s similarities to
lysosomes and secretory granules, recent studies point to
mitochondrial engagement in acrosome formation. Condensed
mitochondria were found to act as donors to the AV, and several
mitochondrial enzymes were shown to localize to the acrosome (Ren
et al., 2019; 2022; Otcenaskova et al., 2023). Altogether, this shows
that there is a substantial gap in knowledge regarding the acrosomal
origin and the molecular mechanism of its biogenesis.

Here, we demonstrate the importance of inceptor in male
fertility in a whole-body inceptor knockout (KO) mouse model,
showing that inceptor is essential for the formation of
morphologically normal sperm. Inceptor KO spermatids are
characterized by acrosomal malformation, an irregular or round
nucleus, and reduced motility. We propose that inceptor is tightly
involved in acrosome development in early spermatids and is
directly involved in cargo transport and delivery to the forming AV.

2 Materials and methods
2.1 Mouse models

Animal experiments were carried out in compliance with the
German Animal Protection Act and with the approved guidelines of
the Society of Laboratory Animals (GV-SOLAS) and of the
Federation of Laboratory Animal Science Associations (FELASA).
Whole-body Iir”~ mice were generated from the previously
described GeneTrap allele (Ansarullah et al, 2021). Iir’:
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5330417C22Riktmla(EUCOMM)Hlngu
aggregated with CDI1 morula to generate chimeric mice. For

embryonic stem cells were
critical exon deletion, the GeneTrap mice were crossed with FLPe
mice (Dymecki, 1996) to generate a floxed allele (Iir"). Iir'"" mice
were crossed with Rosa26R-Cre mice (Soriano, 1999) to generate

/=

heterozygous Iir"'~ mice. Iir*'~ mice were backcrossed to a C57BL/6 ]
(Charles River) background. Genotyping has been performed with
the following primers: 5'-CCAAGGCCAGCGATACAACC-3/, 5'-
GGAACTTCGTCGAGATAACTTCGTATAG-3',  5'-GTGCAC
TCTGGGTAGTGTTC-3. Tissues of males between 9-12 weeks

of age were used.

2.2 Caudal sperm isolation

The epididymis was isolated, weighed, and cut between the
corpus and cauda. The cauda was cut open with several incisions and
incubated in HEPES-balanced salt solution (114 mM NaCl, 4.7 mM
KCl, 1.2 mM KH,PO,, 1.16 mM MgSOy, 2.5 mM CaCl,, 25.5 mM
NaHCOs3, 20 mM HEPES pH 7.2) for 15 min at 37°C. A sperm
sample from this suspension was heat-inactivated for 2 minutes at
60°C and loaded on a hemocytometer to calculate the total sperm
count per cauda epididymis.

2.3 Sperm motility assay

Isolated caudal sperm was assessed for motility in pre-warmed
(Sigma-Aldrich) Axio Vert.
Al microscope with a 20 x objective. Five different fields of
approximately 5 s were recorded by the STC-MC152USB camera
(Sentech) in the XYClone
V5.12.0.32243) and assessed for moving sperm (motility) and

M2 medium using a Zeiss

software (Hamilton Thorne,

progressing sperm (progressive motility). A minimum of

130 cells were evaluated for each animal.

2.4 Immunofluorescence

Isolated testes were fixed in 4% paraformaldehyde (PFA) at 4°C
overnight. The fixed tissue was dehydrated in sucrose (10% and
30%) and embedded in tissue freezing medium (Leica). Sections of
10 pum thickness were cut at —20°C, dried at room temperature, and
kept frozen at —20°C. Frozen sections were thawed at room
temperature, washed with PBS, and permeabilized with 0.2%
Triton-X100, followed by blocking with 3% donkey serum, 10%
fetal calf serum (FCS), and 0.1% bovine serum albumin (BSA) in
PBS-T. Primary antibodies were incubated at 4°C overnight (anti-
TGN38, 1:50, NBP1-03495SS, Novus Biologicals; anti-GATA-4, 1:
200, 14-9980-80, Thermo Fisher Scientific; anti-DDX4, 1:200,
87618, Cell Signaling Technology; anti-LAMP2, 1:200, ab13524,
anti-CI-M6PR, 1:200, PA3-850, ThermoFisher Scientific; Abcam;
anti-inceptor, 1:250, 2G6 (Ansarullah et al, 2021)). Secondary
antibodies were used at 1:600 with 4’,6-diamidino-2-phenylindole
(DAPI) at 1 pug/mL for 2 hours at room temperature (anti-rat-Alexa
Fluor™ 488, A-21208, Thermo Fisher Scientific; anti-rat-Cy3,
712-165-153, Jackson ImmunoResearch; anti-rabbit-Alexa Fluor™
488, A21206, Thermo Fisher Scientific). Peanut agglutinin (PNA)-
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CY5 (CL-1075-1, Vector Laboratories) was used at 1:1000 added to
the secondary antibody mix. The slides were mounted with coverslips in
Elvanol and imaged on Zeiss LSM 880 with or without Airyscan Fast
mode with a 20 x or 63 x objective. Images were analyzed by Fiji
(Schindelin et al., 2012) and treated equally within one experiment,
unless stated otherwise, by adjusting brightness, and contrast, and for
Figures 2B, D, E, noise was reduced by removing outliers with a two-
pixel radius. Maximum intensity projection is shown when stated in the
respective figure legend.

For mitochondria staining in caudal sperm, live sperm
suspensions were incubated with 100 nM MitoTracker™ Red FM
(Invitrogen) and 2.5 ng/mL Hoechst 33342 dye (Invitrogen) for
15 min at 37°C. Samples were centrifuged for 5 min at 600 g and the
pellet was resuspended in 100 uL pre-warmed M2 media.
Epifluorescence images were taken with a Keyence BZ-9000E
microscope with a 20 x objective and captured in the BZ-II
Viewer software (Keyence). The channels were merged in Fiji.

2.5 Transmission electron microscopy (TEM)

Isolated murine testes were fixed in 4% PFA in 100 mM
phosphate buffer pH 7.4 at room temperature for 30 min, then
cut in half and fixed for another 1.5 h. For embedding into epoxy
resin, the fixed tissue was kept in 4% PFA, for Tokuyasu cryo-
sectioning, the tissue was transferred to 1% PFA until further
processing. For epoxy resin embedding, the samples were
processed according to a modified protocol using osmium
tetroxide (OsOy), thiocarbohydrazide (TCH), and again OsO, to
generate enhanced membrane contrast (Hanker et al., 1966;
Deerinck et al,, 2010; Volkner et al., 2022). In brief, samples were
postfixed overnight in modified Karnovsky fixative (2%
glutaraldehyde/2% formaldehyde in 50 mM HEPES, pH 7.4),
followed by post-fixation in a 2% aqueous OsO4 solution
containing 1.5% potassium ferrocyanide and 2mM CaCl,
(30 min on ice), washes in water, 1% TCH in water (20 min at
room temperature), washes in water and a second osmium
contrasting step in 2% OsO,/water (30 min on ice). Samples were
washed in water and en-bloc contrasted with 1% uranyl acetate/
water for 2 h on ice, washed again in water, and dehydrated in a
graded series of ethanol/water mixtures (30%, 50%, 70%, 90%, 96%),
followed by three changes in pure ethanol on molecular sieve.
Samples were infiltrated into EMBed 812 (resin/ethanol mixtures:
1:3, 1:1, 3:1 for 1 h each, followed by pure resin overnight and for
5h), embedded in flat embedding molds, and cured at 65°C
overnight. Ultrathin sections (70 nm) were prepared with a Leica
UC6 ultramicrotome (Leica Microsystems) using a diamond knife
(Diatome), collected on formvar-coated slot grids, and stained with
lead citrate (Venable and Coggeshall, 1965) and uranyl acetate. For
Tokuyasu-cryosectioning and immunogold labeling, the samples
were processed as described previously (Tokuyasu, 1980; Slot and
Geuze, 2007; Volkner et al, 2022). First, they were washed in
phosphate buffer, infiltrated stepwise into 10% gelatin (1% for
30 min, 3% for 45 min, 7% for 1 h, 10% for 2 h) at 37°C, cooled
down on ice, cut into small blocks, incubated in 2.3 M sucrose/water
for 24 h at 4°C, mounted on pins (Leica # 16701950), and plunge
frozen in liquid nitrogen. 70-100 nm sections were cut on a Leica
UC6+FC6 cryo-ultramicrotome (Leica Microsystems) and picked
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up in methyl cellulose/sucrose (1 part 2% methyl cellulose (MC,
Sigma M-6385, 25 centipoises +1 part 2.3 M sucrose) using a perfect
loop. Gelatin, sucrose, and methyl cellulose were removed by placing
the grids on 37°C warm PBS for 3 x 20 min, followed by washes with
0.1% glycin/PBS (5 x 1 min), blocking with 1% BSA/PBS (2 x 5 min)
and incubation with the primary antibody (rat anti-inceptor 16F6
(Ansarullah et al., 2021), 1:100) for 1 h. The sections were washed in
PBS (4 x 2min) and incubated with bridging antibodies (rabbit-
anti-mouse or rabbit-anti-rat IgGs, 1:100), followed by washes in
PBS (4 x 2 min), and incubation with protein A conjugated to 10 nm
gold (1:25, UMC) for 1 h. Then, the grids were washed in PBS (3 x
5,4 x 2 min), post-fixed in 1% glutaraldehyde (5 min), thoroughly
washed in water to get rid of the PBS (10 x 1 min) and contrasted
with neutral uranyl oxalate (2% uranyl acetate (UA) in 0.15 M oxalic
acid, pH 7.0) for 5 min, washed in water and incubated in MC
containing 0.4% UA for 5 min. Grids were looped out with a perfect
loop, the MC/UA film was reduced to an even thin film and air dried.
All sections were analyzed on a JEM 1400PLus transmission electron
microscope (JEOL) at 80 kV and images were taken with a Ruby
digital camera (JEOL).

2.6 Co-immunoprecipitation (co-IP) and
western blotting

Isolated murine testes (n = 6) were homogenized in a Potter-
Elvehjem homogenizer in 125 mM KCl, 10 mM EDTA, 20 mM
HEPES (pH 7.2), 1% protease inhibitor cocktail (Sigma). The
protein concentration was measured by BCA Protein Assay Kit
(Thermo Scientific Pierce). Western blot samples were prepared by
adding Laemmli buffer and boiling. For co-IP, the homogenate was
centrifuged at 2000 g for 10 min. To the supernatant, 1% NP-40
alternative (Merck Millipore) was added. For mass spectrometry, the
lysate was added to anti-Inceptor antibodies or isotype control
antibodies (2G6 and 11A7, respectively (Ansarullah et al., 2021))
coupled to protein G SureBeads (BioRad). For co-IP followed by
Western blotting, the following antibodies were coupled to protein
G beads: anti-AP1M1 (PA5104319, Thermo Fisher Scientific), anti-
AP2B1 (ab205014, Abcam), anti-AP3D1 (anti-delta SA4, DSHB),
rabbit control (3900, Cell Signaling Technology), mouse control
(5415, Cell Signaling Technology), anti-STX7 (12322-1-AP,
Proteintech), anti-LYZL4 (17443-1-AP, Proteintech), anti-MAP1B
(ab224115, Abcam), anti-Cathepsin Z (ab182575, Abcam). The co-
immunoprecipitated protein was eluted into Laemmli buffer at 99°C
for Western blotting or at 60°C for mass spectrometry. The samples
were loaded on a 10% or 4%-20% gradient SDS-polyacrylamide gel.
The separated protein was transferred to a PVDF membrane with
0.2 um pore-size by semi-dry transfer (BioRad). Blotted membranes
were blocked in 5% milk in TBS-T, incubated with primary
antibodies at 4°C overnight (anti-SPACAI1, 1:1000, ab191843,
Abcam; anti-y-tubulin, 1:2000, T5326, Sigma-Aldrich; anti-p-
adaptin, 1:1000, 610382, BD Biosciences; anti-GAPDH, 1:4000,
2118L, Cell Signaling Technology; anti-inceptor, 1:1000, 16F6
(Ansarullah et al, 2021); anti-LYZL4, 1:1000, 17443-1-AP,
anti-HSP90,  1:5000, 4874S, Cell Signaling
Technology) and with secondary antibodies 1:5000 for 1h at

(anti-rat-HRP,  112-035-175,
anti-mouse-HRP,  115-035-146,

Proteintech;

room  temperature Jackson

ImmunoResearch; Jackson
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anti-rabbit-HRP,  111-035-144,
ImmunoResearch). The chemiluminescence signal was detected
by ChemStudio2A (Analytik Jena) using Clarity Western ECL
Substrate (Bio-Rad).

ImmunoResearch; Jackson

2.7 Mass spectrometry

For total proteome, 1% NP-40 alternative (Merck Millipore) was
added to homogenized testis, prepared as described above. For the
interactome analysis, the eluate from the co-IP described above was
used. The samples were further proteolyzed with LysC and trypsin as
described (Wisniewski et al., 2009; Grosche et al., 2016). Acidified
eluted peptides were analyzed on a Q Exactive HF-X mass
spectrometer (Thermo Fisher Scientific) online coupled to a
Ultimate 3000 RSLC nano-HPLC (Dionex) on a C18 analytical
column, separated by a 90-min non-linear acetonitrile gradient at a
flow rate of 250 nL/min. MS spectra were recorded at a resolution of
60000 with an AGC target of 3 x 1e6 and a maximum injection time
of 30 ms from 300 to 1500 m/z. From the MS scan, the 15 most
abundant peptide ions were selected for fragmentation via HCD
with a normalized collision energy of 28, an isolation window of
1.6 m/z, and a dynamic exclusion of 30s. MS/MS spectra were
recorded at a resolution of 15000 with a AGC target of le5 and a
maximum injection time of 50 ms. Unassigned charges, and charges
of +1 and >8 were excluded from precursor selection.

Acquired raw data of the total testis proteome samples was
analyzed in the Proteome Discoverer 2.4 SP1 software (Thermo
Fisher Scientific; version 2.4.1.15) for peptide and protein
identification via a database search (Sequest HT search engine)
against the SwissProt Mouse database (Release 2020_02,
17061 sequences), considering full tryptic specificity, allowing for
up to one missed tryptic cleavage site. The Percolator algorithm
(Kall et al., 2007) was used for validating peptide spectrum matches
and peptides. The final list of proteins satisfying the strict parsimony
principle included only protein groups passing an additional protein
confidence false discovery rate <5% (target/decoy concatenated
search validation). Protein groups with >50% missing values were
disregarded. In the remaining protein groups, missing values were
imputed by GMSimpute (Li et al., 2020). The p values were adjusted
according to Hochberg (Hochberg, 1988), and we deemed proteins
with an adjusted p value <0.05 significant. Significant hits were
analyzed for gene ontology (GO) term enrichment via the g:Profiler
tool g:GOSt (Raudvere et al., 2019) against the custom reference
gene list containing all detected proteins after imputation and
filtration in the total proteome sample.

Raw data for the interactome analysis was imported into
Progenesis QI software (version 4.1). After feature alignment and
normalization, spectra were exported as Mascot Generic files and
searched against SwissProt Mouse database (Release 2020_02,
17061 sequences) with Mascot (Matrix Science, version 2.8.2)
with the following search parameters: 10 ppm peptide mass
tolerance and 20 mmu fragment mass tolerance, one missed
allowed, fixed
modification, methionine oxidation, and asparagine or glutamine

cleavage carbamidomethylation was set as

deamidation were allowed as variable modifications. A Mascot-

integrated decoy database search calculated an average false
discovery rate <0.5% for PSMs when searches were performed
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applying the mascot percolator score and a significance threshold
P < 0.05. Peptide assignments were re-imported into the Progenesis
QI software and the abundances of all unique peptides allocated to
each protein were summed up. The resulting normalized
abundances of the individual proteins were used for calculation
of fold-changes of protein ratios between experimental conditions
and statistical analysis was performed on log2 transformed
normalized abundance values using one-way ANOVA. Values are
corrected for multiple testing by an optimized FDR approach
(q value). Potential interactors with a g value <0.05, a fold change
between inceptor and control IP > 2, and less than seven missing
values (corresponding to 60%) were selected and a GO:term analysis
was performed. GO:BP terms were reduced with the rrvgo R package
1.10.0 (Sayols, 2020) with a threshold of 0.6. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE (Perez-Riverol et al, 2022) partner
repository with the dataset identifier PXD043946.

2.8 lir expression across cell types

Normalized transcripts per million (nTPM) data from scRNA-
seq datasets were downloaded from The Human Protein Atlas and
the 20 cell types with nTPM >20 were plotted for Elaporl
expression. Cell type group information was manually added.

2.9 Statistical analysis and software

Statistical analysis and the generation of bar plots were
performed in GraphPad Prism 9.5.1, using unpaired -test. Bar
plots are shown as mean + SD. Mass spectrometry raw data were
analyzed in Proteome Discoverer 2.4 SP1 (Thermo Fisher Scientific;
version 2.4.1.15) and Progenesis QI software (version 4.1). GO term
annotation was performed by g:Profiler (Raudvere et al., 2019) and
GO:BP term reduction was done by the rrvgo R package 1.10.0
(Sayols, 2020). The volcano plot and GO term bar plots were
generated in RStudio (2022.12.0 + 353, R version 4.2.2) by
ggplot2. Image acquisition was done by ZEN 2.3 (black edition,
Zeiss), XYClone (Hamilton Thorne), and BZ-II Viewer (Keyence)
and image processing was done in Fiji (ImageJ 1.530) (Schindelin
et al., 2012). Figures were generated in Inkscape 1.2.1.

3 Results

Inceptor is highly expressed in several tissues, such as the
digestive tract, pancreas, prostate, female reproductive tract, lung,
brain, and testis, specifically enriched in glandular cell types,
endocrine cells, and early spermatids (Supplementary Figure
SIA) (The Human Protein Atlas). We confirmed inceptor
protein expression in the stomach, salivary gland, colon, and
lung by immunofluorescence (Supplementary Figure S1B).

To analyze the function of inceptor, we generated the Iir*’~
mouse line by crossing the previously generated GeneTrap line
(Ansarullah et al., 2021) to FLPe and RosaCre animals to obtain a
germline deletion of exon 3 (Supplementary Figure S1C). By

+/—=

heterozygous intercrossing of the Iir”~ mouse line, Mendelian
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ratios of offspring genotypes were observed at weaning age
(Supplementary Figure SID). We confirmed the absence of
Iir”’~

(Supplementary Figure SIE). Intriguingly, the Iir”’~ genotype

inceptor in testis lysates by Western blotting
could not be maintained on a homozygous background. While
Iir”~ females delivered similar litter sizes as Iir"~ females with

Iir"” males, matings with Iir /"~

males were unsuccessful (Figure 1A).
These results are consistent with previously described infertility of
Tir”’~ males (Tang et al, 2010; Cho et al, 2022), however, the
underlying cellular and molecular mechanism was unknown.

To further investigate the function of inceptor in male fertility,
we analyzed testis sections in Iir"* and Iir /" mice. Interestingly, we
noticed partially or totally missing PNA staining, indicating failure
in acrosome formation (Figure 1B). The round nuclei of Iir”~
spermatozoa are indicative of a condition referred to as
globozoospermia (Figure 1C). Globozoospermia and acrosome
malformation are often accompanied by motility and
mitochondria defects (Xiao et al., 2009; Han et al., 2017). Indeed,
ITir”~ spermatozoa are characterized by reduced motility, as well as
defective mitochondrial organization (Figures 1D-F).

Iir”* and in Iir’"~ males did not differ in body weight
(Supplementary Figure S2A), while Iir”~ males had a slightly
increased testis weight without a significant difference in caudal
sperm count (Supplementary Figures S2B, C). There was no
difference in gross morphology of the testis and epididymis
(Supplementary Figure S2D). By analyzing testicular cross
sections by immunofluorescence, there were no differences
between Iir”* and Iir’" testes in germ cells marked by
DDX4 and Sertoli cells marked by GATA-4 (Supplementary
Figure S2E), as well as tubule diameter (Supplementary Figure S2F).

In the seminiferous tubules of the testis, inceptor is expressed in
spermatocytes and in Golgi-phase and cap-phase spermatids but not
in elongated spermatids in the acrosomal phase (Figure 2A). By
confocal microscopy, we found inceptor in the vesicles of pachytene
spermatocytes when the pro-AVs are harbored close to the Golgi
apparatus and not yet attached to the nuclear membrane
(Figure 2B). After meiosis, spermatids develop in 16 steps into
spermatozoa (Oakberg, 1956; Wakayama et al., 2022) (Figure 2C).
Confocal microscopy and TEM of immunogold labeled Tokuyasu-
cryosections showed that inceptor is localized to pro-AVs and other
vesicles before stage 3 (S3), before the pro-AVs attach to the nucleus
(Figure 2D). Next, pro-AVs start to fuse into a cap-like structure (up
to S7), when inceptor is predominantly present in the vesicles
trafficking between the Golgi and the AV, and to a lesser extent
in the inner and outer acrosomal membranes (Figures 2E, F). Then,
the nucleus starts to elongate while the AV expands to cover most of
the nuclear surface. The cell discards the Golgi apparatus and other
organelles at this stage, while the inceptor immunosignal is
completely lost (Figure 2G). In conclusion, in the early stages of
acrosome formation, inceptor is localized to trafficking vesicles, pro-
AVs, and the inner and outer acrosomal membranes of the
developing AV.

As inceptor expression coincides with the early steps of
acrosome formation, we used TEM to visualize the acrosomal

+/+ +/+

shape in Iir"* and Ilir’" mice. As expected, in Iir”" mice, we
observed electron-dense pro-AVs before acrosome formation,
that are around 200-pm large in diameter (Figure 3A, white

arrowhead). During pro-AV fusion, the single AV attaches to the
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lir’~ male mice are infertile and /ir’~ spermatids show acrosome malformation and a globular shape. (A) Litter size of crossing lir*’~ and lir’~ mice. (B)
Representative PNA marking acrosomes and DAPI staining marking nuclei in testis sections of /ir*’* and lir’~ mice. Maximum-intensity projection. Scale
bar 150 um. (C) Representative phase-contrast image of isolated caudal sperm. Scale bar 20 um. (D-E) percentage of motile (D) and progressive-motile
(E) isolated caudal sperm. Each dot represents sperm isolated from one mouse consisting of five measurements per mouse (F) Representative
MitoTracker staining with Hoechst 33342 counterstain of isolated caudal sperm from /ir*’~ and lir’~ mice. Scale bar 100 pm.

nucleus at the beginning of the cap phase. At the nuclear membrane
and AV contact site, the electron-dense acroplaxome is visible
(Figure 3B, black arrows). As the AV expands and covers more
nuclear surface, the acroplaxome also grows along the contact site
(Figure 3C). After that, the nucleus and AV elongate, and the
nucleus becomes more electron-dense (Supplementary Figures
S3A-C). In Iir’" testis, pro-AVs localize to the trans-Golgi
network as in the Iir”* controls before acrosome formation
(Figure 3D). At the beginning of the cap phase, however, pro-
AVs do not form one large AV but remain segregated into around
200-pum large vesicles (Figure 3E). These vesicles are in close

proximity to the nucleus, suggesting the correct delivery but
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failure to fuse at the acroplaxome. In later stages, the electron-
dense acroplaxome expands around the nucleus, but the AV consists
of small, irregularly distributed electron-dense vesicles in Iir”’~ mice
(Figure 3F). In further stages of acrosome formation, the nucleus
fails to elongate and remains round or irregular in shape
(Supplementary Figures S3D-F). By immunofluorescence, we
observed some of the scattered acrosomal content marked by
PNA localized to LAMP2-positive lysosomes, whereas in Iir'*
cap-phase LAMP2-positive  lysosomes  mainly
localized to the posterior side of the spermatid (Figure 3G). Due
to the similarity between inceptor and M6PRs, we investigated the
localization of the cation-independent (CI-)M6PR and confirmed

spermatids,
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Acrosomal phaée Pachytene

Inceptor localizes to the pro-AVs and acrosome in early-stage spermatids. (A) Representative immunofluorescence images of inceptor co-stained

with PNA and DAPI, maximum intensity projection. Scale bar 50 um. (B) Representative immunofluorescence images of inceptor and TGN38 co-stained
with PNA and DAPI in the pachytene stage. (C) Schematic overview of spermatid development (D—G) Representative immunofluorescence images for
stages S1-3, (E) S4-5, (F) S6-7, (G) S10-12 (left panels) and immunogold labeling of inceptor (right panels). (B,D—G) Airyscan acquisition and
processing, maximum intensity projection. Scale bar 10 um for immunofluorescence images, scale bar 2 um for TEM images. nu, nucleus; AV, acrosomal
vesicle; IAM, inner acrosomal membrane; OAM, outer acrosomal membrane. White arrowheads: pro-AVs, black arrows: inceptor localization to the

acrosomal membrane.

that CI-M6PR localization resembles a more diffuse vesicular
localization than inceptor, with occasional colocalization with
LAMP2-positive lysosomes (Figure 3H, white arrows).

As we observed small, deformed, or lacking acrosomes in Iir”"

+/+

spermatids, we performed whole-testis proteome analysis on Iir

and Iir’~

testes to provide an unbiased picture of differential
regulation of spermatocyte development. For the analysis, we
considered 5389 considered protein groups, from which there

were 28 significantly downregulated and one significantly
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upregulated protein (Figure 4A, Supplementary Table S1). We
performed a GO term analysis of the significant hits on the
background of all 5389 considered protein groups, which shows
significantly deregulated terms related to acrosomes, secretion, and
4B).
downregulation of proteins localized to the acrosome, either

fertilization  (Figure Specifically, we see significant

soluble or transmembrane proteins. Many well-known proteins

essential for fertilization are strongly downregulated in Iir”" testes.

Among these proteins were Acrosin (ACR), Acrosin-binding
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FIGURE 3

Pro-AVs do not fuse in lir’”~ spermatids, resulting in a scrambled acrosome (A—F) Representative electron micrographs of early-stage spermatids.
Scale bars 1 ym. White arrowheads: pro-AVs, black arrows: acroplaxome (G) Example immunofluorescence image of LAMP2 and PNA overlapping in /ir*’*
and lir’”~ spermatids. Scale bar 5 um. White arrows point at PNA-positive lysosomes (H) Representative immunofluorescence image of CI-M6PR and
LAMP2-positive vesicle localization in lir*’* and lir’~ spermatids and PNA and DAPI counterstain. Scale bar 10 um. White arrows point at LAMP2 and

CI-M6PR colocalization.

protein (ACRBP), Acrosomal vesicle protein 1 (ACRV1), Sperm
acrosome membrane-associated 1 (SPACAI1), and Equatorin
(EQTN), which are among the main constituents of the acrosome.
Additionally, Izumo sperm-egg fusion protein 4 (IZUMO4), and
the Zona-pellucida binding protein (ZPBP), which have direct
functions in sperm-egg fusion, were also downregulated. CD46
and TMEMI190 are proteins specifically localized to the inner
acrosomal membrane and we also found them downregulated
in Iir”" testes. Interestingly, Insulin-like factor 6 (INSL6) is also
downregulated, a member of the insulin superfamily expressed
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specifically in the testis with expression onset in pachytene
spermatocytes (Burnicka-Turek et al.,, 2009). We confirmed the
downregulation of SPACA1 and Lysozyme-like 4 (LYZL4) by
Western blot (Figure 4C).

As inceptor localizes between the Golgi and AV and in its
absence the acrosome does not fully develop, we hypothesized that
inceptor is necessary for trafficking between the Golgi and AV in
developing spermatids. Therefore, the interaction partners and
potential cargo of inceptor became of interest in deciphering the
underlying mechanism of inceptor’s role in acrosome formation. We
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SPACAL and LYZL4 by Western blot.

performed an inceptor co-IP experiment followed by mass
spectrometry analysis (Figure 5A). We analyzed GO terms
related to biological processes (GO:BP) on the 128 potential
interactors (Supplementary Table S2). The significant GO:BP
terms were reduced to eleven parental terms (Supplementary
Figure S4). This GO:BP enrichment analysis revealed that
inceptor interacts with proteins related to protein localization,
organelle organization, catabolic process and vesicle-mediated
transport (Figure 5B). From the list of candidate interactors, we
validated the binding of inceptor to proteins that are well-known for
their function in vesicle trafficking and fusion, such as syntaxin 7
(STX7) and microtubule-associated protein 1B (MAPIB)
(Figure 5C). We also confirmed the interaction with the
significantly downregulated LYZL4 and the MG6P-containing
cathepsin Z (Figure 5C). We have previously shown inceptor’s
YXXO to bind the p subunit of AP-2 in pancreatic beta cells
(Ansarullah et al., 2021), as this motif is known to bind the u
subunits of AP1-4 (Braulke and Bonifacino, 2009). Interestingly, we
found the adaptor protein 3 pu2 subunit (AP3M2) to interact with
inceptor (Supplementary Table SI), so we investigated adaptor
protein and inceptor’s interaction in testes. We found that
inceptor is bound by the AP complexes 1, 2, and 3, which likely
mediate its subcellular localization and trafficking (Figure 5D). In
summary, we propose that inceptor mediates vesicle trafficking
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between the Golgi and AV compartments and facilitates the
transport and function of various proteins involved in cellular
trafficking, such as proteins involved in vesicle fusion (Figure 5E).

4 Discussion

Around seven percent of the human male population has a form
of infertility but the underlying disease mechanism remains
unknown in most cases (Krausz and Riera-Escamilla, 2018).
Moreover, discovering factors that could serve as targets for on-
demand male contraception is sought after (Kent et al., 2020). For
this purpose, factors essential for spermatogenesis specifically
expressed in spermatocytes and spermatids but not in
spermatogonia are promising candidates.

Here, we described inceptor expression, localization, and
function in the murine testis. Inceptor is essential for the
development of morphologically intact, motile, and fertile

spermatozoa. Inceptor’s expression onset is in primary
spermatocytes, which arise from germ cells by meiosis. The
expression is retained until the elongation stage of maturing
spermatids. By immunofluorescence and immunogold labeling,
we found that inceptor localizes to vesicles shuttling between the

Golgi and acrosome compartments, and in its absence, pro-AVs do
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not fuse to form the acrosome. Together with the downregulation of
proteins localized to the acrosome in Iir " testes and the enrichment
of transport and localization-related proteins in inceptor’s
these that inceptor
intracellular transport to ensure pro-AV fusion. Indeed, we

interactome, results indicate, mediates
confirm inceptor to bind membrane-fusion and vesicle-trafficking
factors, such as STX7 and MAPIB. As inceptor likely does not
contain catalytically active domains and we described domains
important for interacting with other proteins (Ansarullah et al,
2021), we propose that inceptor does not mediate the membrane
fusion of the pro-AVs directly, but has a function in delivering
factors that aid the membrane fusion and cargo delivery to the

acrosome.
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Interestingly, PicklI™~ and Gopc™~ mice also show defects in
acrosome formation and a failure of pro-AV fusion, similarly to
Iir”’~ mice (Yao et al., 2002; Xiao et al., 2009). From these published
immunofluorescence images, PICK1 and GOPC seem to localize
more broadly in spermatids compared to inceptor and the TEM
images suggest that inceptor and PICK1 could be present in the
same vesicles. Other mouse KOs also show globozoospermia and
defects in acrosome formation, albeit with some differences. For
example, Gm130™"~ spermatids form an AV which then fails to grow,
whereas Dpyl9127~ spermatids show a destabilized nuclear
membrane (Pierre et al, 2012; Han et al, 2017). Spacal™~
spermatids have a destabilized AV and lack the acroplaxome,
whereas Zpbp™~ mice have a fragmented acrosome due to failure

10 frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1240039

Bilekova et al.

in acrosome compaction (Lin et al,, 2007; Fujihara et al., 2012).
These functional studies suggest, that each step of acrosome
formation is tightly regulated by a variety of proteins. However,
these regulatory steps seem to interconnected, as Gopc™~ mice also
show reduced ZPBP1 and SPACAL proteins, and Zpbp™~ mice also
show a reduction in SPACA1 (Fujihara et al,, 2012). Interestingly,
neither PICK1, GOPC, nor DPY19L2 levels were changed in Iir /"~
testes, whereas SPACA1 and ZPBP1 were among the most
significantly downregulated proteins compared to Iir** testes
(Supplementary Table S1).

Inceptor binds insulin and proinsulin in pancreatic beta cells
and regulates their degradation (Siehler et al., unpublished results).
Intriguingly, INSL6, a relaxin-like protein and one of insulin-like
factors specifically expressed in testes, was also downregulated in
testes of Iir”~ mice. INSL6 levels have been found to correlate
positively with male fertility in humans (Ivell and Grutzner, 2009;
Chen etal., 2011; Ivell et al., 2017; Gumus et al., 2022). Inceptor also
shares similarities to CI-M6PR, which transports IGF2 towards
lysosomes, as well as acts as transport receptors for hydrolases
toward late endosomes and lysosomes. As the acrosome shares
similarities in origin and content to lysosomes, one hypothesis
could be that M6PRs also contribute towards regulating the
acrosomal content. Interestingly, the CI- and cation-dependent
(CD)-M6PR have only been found to associate with LAMPI-
positive lysosomes and not with acrosin-containing vesicles or
acrosomes in spermatids (Martinez-Mendrguez et al, 1996),
similarly to our results (Figure 3H). In later stages, CI-M6PR has
been found to transiently co-localize with acrosomes and has been
proposed to contribute to shaping the acrosome (Moreno, 2003).
However, in CI- and CD-M6PR mutants, the acrosomal content of
selected hydrolases was not affected (Chayko and Orgebin-Crist,
2000). We have confirmed that the M6PR colocalizes with LAMP2-
positive lysosomes rather than the acrosome, whereas inceptor is
more closely located to the acrosome. In summary, we propose that
inceptor is an important lysosomal trafficking receptor in different
cell types, and an acrosomal trafficking receptor in developing
spermatids.
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Supplementary Table 2 - Candidate interactors of inceptor from the mass spectrometry analysis.
Arranged from top to bottom by descending fold change compared to a co-1P with a control
antibody. The candidates have been filtered for q < 0.05, fold change > 2, and < 60 % missing
values.

Fold

Gene Description change qvalue

1 Nudt21l Cleavage and polyadenylation specificity factor subunit 5 Inf 0.00024
2 Ap3m2 AP-3 complex subunit mu-2 Inf 0.00881
3 Sh3bgrl SH3 domain-binding glutamic acid-rich-like protein Inf 0.00999
4 Gorasp2  Golgi reassembly-stacking protein 2 97159.2 0.01328
5 Epb4l Protein 4.1 20328.8 0.00002
6 Pdkl [Pyruvate dehydrogenase (acetyl-transferring)] kinase 448.3 0.00398

isozyme 1, mitochondrial
7 Hephll Ferroxidase HEPHL1 405.4 0.03284
8 Mapla Microtubule-associated protein 1A 281.1 0.01887
9 Ranbpl Ran-specific GTPase-activating protein 250.7 0.03524
10 Pycr3 Pyrroline-5-carboxylate reductase 3 235.0 0.03564
11 Snx3 Sorting nexin-3 144.7 0.00103
12 Dlg4 Disks large homolog 4 141.9 0.02217
13 Rpe65 Retinoid isomerohydrolase 141.8 0.04080
14 Nucksl Nuclear ubiquitous casein and cyclin-dependent kinase 133.6 0.02184
substrate 1

15 Tmem190 Transmembrane protein 190 114.7 0.00103
16 Gpmé6b Neuronal membrane glycoprotein M6-b 112.4 0.00467
17 Pdxk Pyridoxal kinase 83.3 0.00618
18 Dctn5 Dynactin subunit 5 76.0 0.00233
19 Pgm2 Phosphoglucomutase-2 69.9 0.00176
20 Baspl Brain acid soluble protein 1 68.6 0.02720
21 Septin6 Septin-6 55.7 0.02944
22 Dnajb2 DnaJ homolog subfamily B member 2 51.4 0.00854
23 Taxlbpl  Tax1-binding protein 1 homolog 47.6 0.02445
24  Msn Moesin 41.9 0.01004
25 Gnb5 Guanine nucleotide-binding protein subunit beta-5 41.0 0.01762
26 Arhgdia  Rho GDP-dissociation inhibitor 1 36.4 0.00036
27 AtpSmd  ATP synthase membrane subunit DAPIT, mitochondrial 35.2 0.02846
28 Eprsl Bifunctional glutamate/proline--tRNA ligase 32.7 0.04879
29 Pcmtl Protein-L-isoaspartate(D-aspartate) O-methyltransferase 32.7 0.02360
30 Pgmil Phosphoglucomutase-1 32.5 0.00000
31 Nrbpl Nuclear receptor-binding protein 321 0.01056
32 Syngrl Synaptogyrin-1 31.5 0.00704
33 Synl Synapsin-1 30.9 0.00803
34  Stx7 Syntaxin-7 30.6 0.00557
35 Psmc6 26S proteasome regulatory subunit 10B 28.3 0.04948
36 Pacsl Phosphofurin acidic cluster sorting protein 1 27.8 0.04763
37 Kiaa0753 Protein moonraker 21.7 0.00054
38 Pkp3 Plakophilin-3 27.5 0.04959
39 Pafahlbl Platelet-activating factor acetylhydrolase IB subunit alpha 27.4 0.00104
40 Dnajb6 DnaJ homolog subfamily B member 6 25.6 0.01016
41 Arl6 ADP-ribosylation factor-like protein 6 25.2 0.04948

42 Slc25al11  Mitochondrial 2-oxoglutarate/malate carrier protein 24.8 0.01371



43
44
45
46
47
48
49
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51
52
53
54
55
56
57
58

59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93

Capg
Psmg3
Auh
Ncam2
Ugcrfsl
Atp2a2
Dctnl
Immt
Hdgfl3
Arf3
Snx27
Scampl
Otubl
Gucy2e
Hnrnpdl
Dlst

Chn2
Kiaal324
Kif2c
Snap25
Psmd12
Pgrmc2
Ribpl
Nipsnapl
Prdx6
Ubal
Stx12
Cadps
Crk
Tubb2a
Appll
Amph
Prdx3
Nptn
Impdhl
Psme3ipl
Cs

Hprtl
Chchd3
Hpca
Peal5
Rpsa
Gstp2
Rab3a
Ptgfrn
Snrpal
Sael
Pygl
Gludl
Sptbnl
Ccdc90b

Macrophage-capping protein

Proteasome assembly chaperone 3
Methylglutaconyl-CoA hydratase, mitochondrial

Neural cell adhesion molecule 2

Cytochrome b-c1 complex subunit Rieske, mitochondrial
Sarcoplasmic/endoplasmic reticulum calcium ATPase 2
Dynactin subunit 1

MICOS complex subunit Mic60

Hepatoma-derived growth factor-related protein 3
ADP-ribosylation factor 3

Sorting nexin-27

Secretory carrier-associated membrane protein 1
Ubiquitin thioesterase OTUB1

Retinal guanylyl cyclase 1

Heterogeneous nuclear ribonucleoprotein D-like
Dihydrolipoyllysine-residue succinyltransferase component
of 2-oxoglutarate dehydrogenase complex, mitochondrial
Beta-chimaerin

UPFO0577 protein KIAA1324

Kinesin-like protein KIF2C

Synaptosomal-associated protein 25

26S proteasome non-ATPase regulatory subunit 12
Membrane-associated progesterone receptor component 2
Retinaldehyde-binding protein 1

Protein NipSnap homolog 1

Peroxiredoxin-6

Ubiquitin-like modifier-activating enzyme 1
Syntaxin-12

Calcium-dependent secretion activator 1

Adapter molecule crk

Tubulin beta-2A chain

DCC-interacting protein 13-alpha

Amphiphysin

Thioredoxin-dependent peroxide reductase, mitochondrial
Neuroplastin

Inosine-5'-monophosphate dehydrogenase 1
PSME3-interacting protein

Citrate synthase, mitochondrial

Hypoxanthine-guanine phosphoribosyltransferase
MICOS complex subunit Mic19

Neuron-specific calcium-binding protein hippocalcin
Astrocytic phosphoprotein PEA-15

40S ribosomal protein SA

Glutathione S-transferase P 2

Ras-related protein Rab-3A

Prostaglandin F2 receptor negative regulator

U2 small nuclear ribonucleoprotein A’

SUMO:-activating enzyme subunit 1

Glycogen phosphorylase, liver form

Glutamate dehydrogenase 1, mitochondrial

Spectrin beta chain, non-erythrocytic 1

Coiled-coil domain-containing protein 90B, mitochondrial

22.0
21.4
21.2
21.0
19.6
19.2
17.6
17.6
16.7
16.3
16.2
15.6
15.0
14.7
144
14.3

14.2
13.3
13.1
13.0
12.7
12.7
12.5
125
11.9
11.9
11.8
11.7
11.7
11.5
11.3
11.2
11.0
10.6
9.9
8.2
8.2
8.1
7.5
7.5
7.0
7.0
6.2
6.2
6.1
5.9
5.8
5.6
5.5
4.8
4.8

0.02720
0.04059
0.03994
0.03524
0.02846
0.00621
0.02293
0.02918
0.02846
0.00927
0.03645
0.03524
0.02431
0.02937
0.01045
0.03672

0.00293
0.00003
0.04959
0.01904
0.00396
0.01721
0.03284
0.03524
0.01381
0.02459
0.00740
0.00060
0.03990
0.03054
0.02316
0.00370
0.01328
0.03883
0.02426
0.00175
0.03054
0.00054
0.03564
0.03284
0.04009
0.04053
0.00048
0.03564
0.00523
0.02217
0.00483
0.00103
0.04879
0.00005
0.00008



94
95
96
97
98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128

Atplal
Eefla2
Qarsl
Acpl
Ppp2ch

Ube2v2
Lmna
Psmd13
Smcla
Psmd2
Eif2s2
Eif3e
Ncl
Erlin2
Aifml
Nop53
Csell
Acly
Arf4
lgsf3
Hk1
Cct3
Arpc2
Lrrc59
Pfkm
Cctba
Uba3
Plec
Rps6
Atp6v0al
Psmc?2
Ipo5
Tcpl
Ift122
Eftud2

Sodium/potassium-transporting ATPase subunit alpha-1
Elongation factor 1-alpha 2

Glutamine--tRNA ligase

Low molecular weight phosphotyrosine protein phosphatase
Serine/threonine-protein phosphatase 2A catalytic subunit
beta isoform

Ubiquitin-conjugating enzyme E2 variant 2
Prelamin-A/C

26S proteasome non-ATPase regulatory subunit 13
Structural maintenance of chromosomes protein 1A
26S proteasome non-ATPase regulatory subunit 2
Eukaryotic translation initiation factor 2 subunit 2
Eukaryotic translation initiation factor 3 subunit E
Nucleolin

Erlin-2

Apoptosis-inducing factor 1, mitochondrial

Ribosome biogenesis protein NOP53

Exportin-2

ATP-citrate synthase

ADP-ribosylation factor 4

Immunoglobulin superfamily member 3

Hexokinase-1

T-complex protein 1 subunit gamma

Actin-related protein 2/3 complex subunit 2
Leucine-rich repeat-containing protein 59
ATP-dependent 6-phosphofructokinase, muscle type
T-complex protein 1 subunit zeta

NEDDB8-activating enzyme E1 catalytic subunit

Plectin

40S ribosomal protein S6

V-type proton ATPase 116 kDa subunit a isoform 1
26S proteasome regulatory subunit 7

Importin-5

T-complex protein 1 subunit alpha

Intraflagellar transport protein 122 homolog

116 kDa U5 small nuclear ribonucleoprotein component

4.7
4.4
4.3
4.3
4.2

4.2
4.2
4.1
4.1
3.9
3.8
3.7
3.7
3.6
3.5
3.4
3.4
3.2
3.2
3.2
3.1
3.0
3.0
3.0
2.8
2.8
25
25
2.5
2.2
2.2
2.2
2.0
2.0
2.0

0.00995
0.03424
0.04879
0.04111
0.00483

0.00740
0.00654
0.00043
0.00704
0.02445
0.04797
0.04220
0.02108
0.02513
0.04051
0.00498
0.00621
0.04202
0.04959
0.00999
0.00112
0.01604
0.00897
0.04202
0.00740
0.02426
0.01698
0.04343
0.01160
0.03969
0.03284
0.02184
0.03564
0.03120
0.01964



Supplementary Figure S1. Inceptor expression and lir"- mouse line generation. (A) Cell type-
specific lir expression (normalized transcripts per million TPM) in Human Protein Atlas SCRNA-
seq data. Shown are the top 20 cell types with highest lir expression. Cell type groups, sharing
common functional features, are shown in different colors. (B) Representative immunostaining
confocal images of inceptor expression in various tissues. The image brightness setting is not
maintained between images. The images of the stomach, salivary gland, and colon are maximum-
intensity projections. Scale bar 25 um. (C) schematic representation of the lir~ allele generation in
mice. (D) percentage of the genotypes at weaning age of litters from lir*’ intercrosses, n = 132.
(E) Western blot of testis lysates from lir*"* and lir’- mice.

Supplementary Figure S2. lir’- mice show normal testis gross morphology. (A) Body weight,
(B) testis weight, and (C) caudal sperm count of 9—12-week-old lir*"* and lir’- mice. (D) testis
(T) and epididymis (epi) of lir*’* and lir’"- mice. Tick marks 1 mm. (E) Representative
immunofluorescence images of the germ cells (DDX4) and Sertoli cells (GATA-4) in the
seminiferous tubules. Image brightness has been adjusted to match DAPI intensity between
images. Scale bar 50 um. (F) Quantification of seminiferous tubule diameter at the narrowest
section. Each dot represents a tubule measurement from a total of 87 and 66 tubules in lir*’* and
lir’”- testes sections, respectively, n = 3 for both genotypes.

Supplementary Figure S3. lir’- spermatids have morphological defects in later stages of
development. (A-C) Electron micrographs of lir*’* elongated spermatid development and (D-F)
lir’- elongated spermatid development. Scale bar 2 um.

Supplementary Figure S4. Tree map of the reduction of GO:BP terms of the inceptor
interactome. Schematic representation of the reduction of GO:BP terms into eleven parental
terms.

Supplementary Table 1. Data used for plotting the log2(FC) and p value of the testis proteome.
The p value was adjusted according to Hochberg. The hits are listed by descending -log10(p
value).

Supplementary Table 2. Candidate interactors of inceptor from the mass spectrometry analysis.
Arranged from top to bottom by descending fold change compared to a co-IP with a control
antibody. The candidates have been filtered for q < 0.05, fold change > 2, and < 60 % missing
values.



ELAPOR1

w =~ 2] ~N @

N

Normalized Expression [log, TPM]

o

Club cells
Paneth cells

Prostatic glandular cells
Serous glandular cells
Intestinal goblet cells
Breast glandular cells
Undifferentiated cells 4
Enteroendaocrine cells
Gastric mucus-secreting cells
Glandular and luminal cells
Mucus glandular cells
Breast myoepithelial cells
Inhibitory neurons
Excitatory neurons
Early sparmatids
Respiratory ciliated cells

Salivary gland

C Exon2 Exon3 Exon4 D

Endometrial ciliated cells

lonocytes

Pancreatic endocrine cells
Exccrine glandular cells

Glandular epithelial cells
Undifferentiated cells
Endocrine cells
Neuronal cells

Germ cells

%n=132

Iirt | | B ++ +- -
i weaned 19.7 51.5 28.8
Exon2 Exon3 Exon4
-------- —— O I R > . .
ERT LoxP E n =6 lir’"* n=6lir"
i FLPe
Exon2 Exon3 Exon4 ﬁgg I P .
Iirfl e ———>— 100 —
2=
RosaCre anti-
gg - Inceptor
Exon2 Exon4 15 —
Iir -0 n 10
anti-

Supplementary figure $1 Inceptor expression and lir”

" mouse line generation.

GAPDH



@

A p = 0.8991 B

_ _ 7- _
30 [ 1 150 p = 0.0465 2x10 p=0.4217

g3 ol —

- .o = . u 21.5%107-
@ 204 £ 100- Cesee E

S 5 . 2 1x1074
2 o 2
-3 2 T
2 10 = 50 S

) 2 m 5x106-
a B (3]
= T
I

T 0 T - 0-

it - it it

D | E

F 250 p=0.3132
E ._,I I
=2 2004 .
% %
® 150 3 &
£
.g 3."

T 100 -
2

F

S 50

o
g -

lirt’*

/-

Supplementary figure S2 /ir’~ mice show normal testis gross morphology.



Supplementary figure S3 lir’- spermatids have morphological defects in later stages of development.
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Inceptor correlates with markers of prostate
cancer progression and modulates insulin/IGF1
signaling and cancer cell migration
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ABSTRACT

Objective: The insulin/insulin-like growth factor 1 (IGF1) pathway is emerging as a crucial component of prostate cancer progression. Therefore,
we investigated the role of the novel insulin/IGF1 signaling modulator inceptor in prostate cancer.

Methods: We analyzed the expression of inceptor in human samples of benign prostate epithelium and prostate cancer. Further, we performed
signaling and functional assays using prostate cancer cell lines.

Results: We found that inceptor was expressed in human benign and malignant prostate tissue and its expression positively correlated with
various genes of interest, including genes involved in androgen signaling. /n vitro, total levels of inceptor were increased upon androgen
deprivation and correlated with high levels of androgen receptor in the nucleus. Inceptor overexpression was associated with increased cell
migration, altered IGF1R trafficking and higher IGF1R activation.

Conclusions: Our in vitro results showed that inceptor expression was associated with androgen status, increased migration, and IGF1R
signaling. In human samples, inceptor expression was significantly correlated with markers of prostate cancer progression. Taken together, these

data provide a basis for investigation of inceptor in the context of prostate cancer.
© 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION (AR), which is a transcription factor that is dimerized after binding to

androgen and translocated to the nucleus, where it binds to androgen

Hyperinsulinemia is known to increase the risk for many cancer types
[1], thus the potential link between diabetes and cancer is of interest in
exploring diagnosis and treatment options. While the risk for prostate
cancer is not increased in patients with diabetes mellitus [2], the
prognosis for prostate cancer patients with diabetes is worse [3—6].
This goes along with altered carcinogenic pathways [7]. Prostate
cancer is the third most frequent type of cancer among males
worldwide [8]. The initial treatment for localized prostate cancer in-
cludes radical prostatectomy, radiation and chemotherapy [9]. As
prostate tumor growth is highly dependent on androgens, the che-
motherapeutical treatment of choice is androgen deprivation therapy
via antiandrogens [10]. These substances block the androgen receptor

response elements and modulates gene expression [11].

However, during the course of androgen deprivation therapy patients
often become resistant to treatment and develop androgen-
independent tumors. There is currently no effective treatment for
this highly invasive and metastatic form of prostate cancer. Several
pathways contribute to the progression towards androgen-
independent prostate cancer [12]. For instance, the AR can become
hypersensitive to residual androgen through gene duplication [13], or it
can become promiscuous and recognize other steroids or even anti-
androgens [14]. Some tumors switch to bypass pathways that activate
proliferation via entirely different mechanisms [15]. Finally, AR
downstream signaling can be cross-activated by other pathways, e.g.
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Abbreviations

5-HT 5-hydroxytryptamine (serotonin)
AR Androgen Receptor

ARE Androgen Response Element

BMI Body Mass Index

CK Cytokeratin

EdU 5-gthynyl-2’-deoxyuridine

DAPI 4’ 6-diamidino-2-phenylindole
EGF Epidermal Growth Factor

EGFR Epidermal Growth Factor Receptor

ER Estrogen Receptor

ERE Estrogen Response Element

FBS Fetal Bovine Serum

HPA Human Protein Atlas

HPEC Human Primary Prostate Epithelial Cells

Ins Insulin

IGF1 Insulin-like growth factor 1

IGF1R Insulin-like growth factor 1 receptor

IgG Immunoglobulin G

lIR/inceptor Insulin Inhibitory Receptor

IP Immunoprecipitation

IR Insulin Receptor

LAMP1 Lysosomal-associated membrane protein 1
PBS Phosphate-Buffered Saline

PI3K Phosphoinositide 3-kinase

PSA Prostate-Specific Antigen (aka KLK3)
PSMA Prostate-Specific Membrane Antigen (aka FOLH1)
(q)PCR (quantitative) Polymerase Chain Reaction
TCGA The Cancer Genome Atlas

WT Wildtype

the insulin-like growth factor 1 receptor (IGF1R) pathway [16].
Immunohistochemical staining of human tissue samples has shown
that IGF1R is upregulated in prostate cancer during androgen-
independent progression [17,18]. As a potential mechanism, it has
been suggested that IGF1R signaling induces phosphorylation of
Foxo1, which subsequently leaves the nucleus and loses its ability to
block AR [19].

The PI3K/Akt pathway, which is downstream of insulin receptor (IR),
IGF1R and epidermal growth factor receptor (EGFR), is highly relevant
in the context of cancer initiation and progression [20,21]. The com-
bined inhibition of AR and PI3K proved effective in an animal model of
androgen-independent prostate cancer [22]. Inhibitors of mTOR, which
is activated by Akt, have been implicated in prostate cancer therapy in
multiple studies [23,24]. Direct inhibition of IGF1R has shown prom-
ising results in androgen-independent prostate cancer as monotherapy
[25] or in combination with the cytotoxic agent docetaxel [26]. IR acts
via the same downstream pathways as IGF1R. Specifically the isoform
IRa, which is mainly important during embryonic development and in
various malignancies, has a high affinity for IGF1 and IGF2. In contrast
to the more common isoform IRb, IRa predominantly activates prolif-
erative rather than metabolic pathways [27]. It is therefore not sur-
prising that IR activation can compensate for IGF1R inhibition in
prostate cancer cells [28]. Likewise, a recent study revealed that in-
sulin can reactivate the loss of PI3K signaling achieved by PI3K in-
hibitors [29]. Further, it was shown that AR signaling is elevated in
prostate cancer patients with diabetes [30]. In addition to these find-
ings, there is evidence that hyperinsulinemia can be a major driver for
prostate cancer progression [31,32]. Thus, targeting the insulin/IGF1
axis might be beneficial in the treatment of metastatic prostate cancer.
We have previously found that a novel receptor, namely insulin
inhibitory receptor (gene name: /IR/short form: inceptor), is a negative
regulator of insulin and IGF1 signaling in pancreatic B-cells. We
showed that inceptor knockout in B-cells led to increased IR and IGF1R
activation in vitro and in vivo, and that inceptor desensitized IR and
IGF1R by facilitating clathrin-mediated receptor endocytosis [33]. In
earlier studies, inceptor was associated with various cancers. Initially,
it was described as a biomarker in estrogen-related endometrial
carcinoma and therefore termed estrogen-induced gene 121 (EIG127)
[34]. Later it was shown that expression of this gene, also referred to
as KIAA1324, was correlated to favorable prognosis in pancreatic
neuroendocrine tumors and suppressed gastric cancer growth [35,36].
However, inceptor induced progression of endometrial cancer in vitro
and in vivo [37] and was associated with poor prognosis in ovarian

cancer [38]. The expression of inceptor in healthy tissues according to
the Human Protein Atlas [39] is highest in the prostate, along with
uterus, stomach and salivary glands. Further, it is expressed in the
pituitary gland and other reproductive organs, i.e., testis, breast,
endometrium and fallopian tube [39]. Thus, we hypothesize that due to
its interaction with insulin/IGF1 signaling and its potential link to sex
hormone signaling inceptor might be a drug target candidate in
prostate cancer. For this reason, we investigated the expression of
inceptor in benign and malignant prostate tissues and examined its
potential role in prostate cancer cell lines.

2. MATERIAL AND METHODS

2.1. Animal breeding

Mouse breeding was performed in compliance with the German Animal
Protection Act and with the approved guidelines of the Society of
Laboratory Animals (GV-SOLAS) and the Federation of Laboratory
Animal Science Associations (FELASA). The male mice (strain:
CD1xC57BL) were 4 months old and fed ad libitum.

2.2. Cell culture

LNCaP and LNCaP C4-2 cells were purchased from ATCC (CRL-1740,
CRL-3314) and routinely cultured in RPMI 1640 with L-Glutamine
(Gibco, 21875034), supplemented with 10% fetal bovine serum (FBS)
(Pan, P40-37500). For androgen deprivation, the cells were maintained
in RPMI 1640 without phenol red (Gibco, 11835030), supplemented
with 10% charcoal-stripped FBS (Sigma—Aldrich, F6765). As a con-
trol, 10 nM dihydrotestosterone (DHT) (Sigma—Aldrich, D-073) was
added to the charcoal-stripped medium. The medium was changed
every 2 days. BPH-1 cells were purchased from DSMZ (ACC 143) and
cultured in RPMI 1640 + 20% FBS + 20 ng/ml testosterone + 5 pg/
ml transferrin +5 ng/ml sodium selenite + 5 pg/ml insulin. Human
Prostate Epithelial cells (HPEC) (Merck Millipore, SCCE019) were
cultivated using the Prostate Epithelia Complete Culture Kit (Merck
Millipore, SCMP001) and PC3 cells (CLS, 300,312) were grown in
DMEM F-12 (Gibco, 11,039, +5% FBS).

2.3. Cell line generation

The stable cell lines overexpressing inceptor-venus or venus only were
generated by transfection of LNCaP cells using Lipofectamine 2000
(Thermo Fisher, 11668027) and selection with 1 pg/ml puromycin
(Thermo Fisher, A1113803) for approx. 4 weeks. The cells were then
sorted according to expression levels via fluorescence-activated cell
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sorting (FACS) to ensure that clones with similar expression levels
were analyzed. The construct pCAG-inceptor-venus was generated as
described before [33].

2.4. Immunohistochemistry

Cells were seeded in p-slide 8 well chambers (Ibidi, 80,826) at a
density of 25,000 cells per well and after 3 days were fixed in 4% PFA
for 10 min at room temperature and permeabilized in 0.25% Triton-
X100, 100 mM glycine for 15 min at room temperature.

Isolated mouse prostates were dehydrated in a sucrose gradient (7.5—
30% sucrose in phosphate-buffered saline [PBS]) after overnight fix-
ation in 4% PFA at 4 °C and embedded in tissue freezing medium
(Leica, 14020108926) before cutting 10 pm sections. The frozen
sections were rehydrated in PBS and permeabilized in 0.5% Triton-
X100 for 20 min at room temperature.

Human prostate paraffin sections were deparaffinized in xylol, rehy-
drated in an ethanol series (100%—40%) and boiled in 100 mM so-
dium citrate, pH 6.0.

The cells or sections were blocked in 0.1% Tween-20, 10% FCS, 0.1%
BSA and 3% donkey serum for 1 h at room temperature and incubated
with the following primary antibodies overnight at 4 °C: rat anti-
inceptor #16F6 or #2G6, or mouse anti-inceptor #31A11 (unpurified
antibody in 1:10 dilution), rabbit anti-Cytokeratin 5 (Abcam, ab53121,
1:400), guinea pig anti-Cytokeratin 8/18 (OriGene, BP5007, 1:200),
rabbit anti-AR (Abcam, ab133273, 1:200), rabbit anti-5HT/Serotonin
(Neuromics, RA20080, 1:1000), rabbit anti-E-cadherin (Cell Signaling
24E10, 3195, 1:100), mouse anti-GM130 (BD, 610,822, 1:400), rabbit
anti-Giantin (BioLegend, 924,302, 1:400), rat anti-LAMP1 (BD,
553,792, 1:100), rabbit anti-IR beta (SantaCruz, sc-711, 1:2000),
rabbit anti-IGF1R (Cell Signaling, 3024, 1:100), rabbit anti-EGFR (Cell
Signaling, 4267, 1:400). The inceptor antibodies #16F6 and #31A11
were previously validated in a murine B-cell line [33], and the vali-
dation of #2G6 is shown in Fig. S4. All inceptor antibodies were pro-
vided by Regina Feederle, Monoclonal Antibody Core Facility,
Helmholtz-Zentrum Miinchen).

After washing with PBS-T (PBS + 0.1% Tween-20), the secondary
antibodies were added in 1:800 dilution for 2 h at room temperature:
donkey anti-rabbit immunoglobulin G (IgG) Alexa Fluor® 555 (Invi-
trogen, A31572); donkey anti-mouse IgG Alexa Fluor® 488 (Invitrogen,
A21202); donkey anti-rabbit IgG Alexa Fluor® 488 (Invitrogen,
A21206); donkey anti-guinea pig IgG Alexa Fluor® 488 (Dianova, 706-
545-148); donkey anti-rat IgG Alexa Fluor® 488 (Invitrogen, A21208);
donkey anti-rat 1gG Alexa Fluor®647 (Dianova, 712-605-150). For
subsequent nuclear counterstaining, 4’,6-diamidino-2-phenylindole
(DAPI) (Sigma, 32,670) was used. Samples were stored in an
aqueous embedding medium (25% Glycerol, 10% Polyvinyl alcohol,
2% 1,4-Diazabicyclo [2.2.2]octan, 100 mM Tris) and imaged on a
Zeiss LSM 880 AiryScan.

The colocalization of inceptor with GM130, Giantin, LAMP1 and IGF1R/
EGFR with E-cadherin was calculated using the ImageJ plugin Coloc2,
using automatic threshold adjustment (Costes). The fluorescence in-
tensity of AR and inceptor was quantified by hand-drawing regions of
interest around single cells in ImagedJ.

2.5. Western blot

Cells were lysed in RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% so-
dium deoxycholate, 0.1% SDS, 25 mM Tris pH 8) supplemented with
protease inhibitor cocktail (Sigma, P8340, 1:100 dilution), phospha-
tase inhibitor cocktail 2 (Sigma, P5726, 1:100) and phosphatase in-
hibitor cocktail 3 (Sigma, P0044, 1:100). Protein concentrations were
determined with the Pierce™ BCA protein assay kit (Thermo Fisher,
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23,225). For SDS-PAGE, 20—25 g protein were loaded in 6.5% or
7.5% acrylamide gels, and immunoblot on PVDF membrane was
carried out in a Bio-Rad electrophoresis chamber and transfer system.
The membranes were blocked in 5% milk powder in TBS-T for 1 h at
room temperature and incubated with the following primary antibodies
overnight at 4 °C: rat anti-inceptor #16F6 (1:1000 dilution), mouse
anti-prostate-specific membrane antigen (PSMA) (Abcam, ab19071,
1:1000), mouse anti-AR (Santa Cruz, sc-7305, 1:500), mouse anti-IR
(Cell Signaling, 3020, 1:1000), rabbit anti-IGF1R (Cell Signaling, 9750,
1:1000), rabbit anti-IGF1R phospho/IR phospho (Cell Signaling, 3024,
1:1000), rabbit anti-EGFR (Cell Signaling, 4267, 1:1000), rabbit anti-
EGFR phospho (Cell Signaling, 3777, 1:1000) mouse anti-tubulin-
gamma (Sigma, 75326, 1:5000), rabbit anti-prostate-specific anti-
gen (PSA) (Abcam, ab53774, 1:5000), rabbit anti-heat shock protein
90 (Hsp90) (Cell signaling, 4874 S, 1:5000).

After washing with TBS-T, membranes were incubated for 2 h at room
temperature with the secondary, horseradish peroxidase (HRP)-con-
jugated antibodies (1: 10,000 dilution) goat anti-mouse IgG (Dianova,
115-036-062), goat anti-rabbit IgG (Dianova, 111-036-045) or goat
anti-rat 1gG (Dianova, 112-035-175). The bands were detected using
Clarity Western ECL Substrate (Bio-Rad, 1705061) in a ChemStudio2A
(Analytik Jena). Quantification via densitometric analysis (normalized to
tubulin as loading control) was performed in ImageJ.

2.6. Co-immunoprecipitation

LNCaP cells overexpressing inceptor-venus were seeded 3 days before
in LNCaP medium. The confluent cultures were lysed in immunopre-
cipitation (IP) lysis buffer (1% Triton-X-100, 20 mM Tris—HCI pH 7.5,
150 mM NaCl, 1 mM EDTA) and centrifuged in a tabletop centrifuge at
14,000 rpm, 4 °C for 10 min; protein concentrations were determined
via the Pierce™ BCA protein assay kit. SureBeads Protein G magnetic
beads (Bio-Rad, 161—4021) were incubated with IR or IGF1R antibody
(see Section 2.5) for 30 min at room temperature under rotation, then
washed three times with PBS-T (PBS with 0.1% Tween20). Around
400 pl lysate (concentration adjusted to 1 pg/pl) were added to the
antibody-conjugated SureBeads for overnight incubation at 4 °C (10 pl
beads/100 pg protein). Beads were washed 3x with 500 pl lysis PBS-T
and eluted with Laemmli-buffer for 10 min at 95 °C for subsequent
Western blot analysis.

2.7. Proliferation assay

To assess the proliferation of LNCaP cells, they were seeded in 384-
well clear bottom plates (Corning, 3770), after 2 days incubated
with 10 uM 5-ethynyl-2’-deoxyuridine (EdU) for 8 h, fixated with 4%
PFA and stored in PBS at 4 °C. The EdU was labeled using the Click-
iT™ EdU Cell Proliferation Kit for Imaging with Alexa Fluor™ 647
(Invitrogen, C10340). Images were taken on a Zeiss Axio Observer Z1
and counted using an ImageJ Macro.

2.8. Endocytosis assay

To visualize the endocytosis of inceptor, LNCaP cells expressing
inceptor-venus in Li-slide 8 well chambers (lbidi, 80,826) were incu-
bated with 10 pg/ml AlexaFluor555-conjugated rat anti-inceptor
antibody. The cells were then observed for 5—60 min using a Zeiss
LSM 880 AiryScan with incubation at 37 °C and 5% CO» supply.

To analyze co-endocytosis of insulin/EGF and inceptor, LNCaP cells in
p-slide 8 well chambers (Ibidi, 80,826) were incubated with 100 nM
AlexaFluor546-labeled insulin (provided by Oliver Plettenburg, Institute
for Medicinal Chemistry, Helmholtz-Zentrum Minchen) or 1 pg/ml
AlexaFluor488-labeled EGF (Life Technologies, E13345), along with
10 pg/ml rat anti-inceptor antibody (#2G6) in normal growth medium
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(see Section 2.2) for 60 min at 37 °C. The cells were then fixated with
4% PFA for 10 min and permeabilized in 0.25% Triton-X100, 100 mM
glycine for 15 min at room temperature. To visualize the inceptor
antibody, secondary anti-rat 1gG Alexa Fluor® 488 (Invitrogen,
A21208) was added for 2 h at room temperature, along with SiR-Actin
(Cytoskeleton, Inc., #CY-SC001, 1:1000 dilution) and DAPI for coun-
terstaining. The samples were imaged on a Zeiss LSM 880 AiryScan
and colocalization of the inceptor antibody with labeled insulin/EGF
was calculated using the ImageJ Plugin JaCoP with manual
thresholding.

2.9. Migration assay

To form LNCaP spheroids, the AggreWell™ 400 24 well plates
(STEMCELL, Cat. No. 34411) were used. For each condition one well
was rinsed using AggreWell Rinsing Solution (STEMCELL, Cat. No.
07010) and centrifuged at 1300 rcf for 5 min. Each well was washed
with RPMI 1640 and filled with 1 ml prewarmed LNCaP medium (see
Section 2.2) before adding the cell suspension (1.2 million cells in 1 ml)
to form spheroids containing approx. 1000 cells. The plate was
centrifuged at 100 rcf for 3 min and incubated for 48 h. The spheroids
were then carefully collected via a 37 um reversible cell strainer,
sedimented by gravity and resuspended in 1.2 ml of a 10 1M collagen
solution (Collagen type |, Sigma—Aldrich, Cat. No. C4243) buffered
with 10 mM HEPES and approx. 15 mM NaOH to reach a neutral pH.
The cell suspension was distributed between 4 wells of a 24-well plate
(Thermo Scientific, 142,475) and incubated for 4 h. After the collagen
had solidified, 1 ml of LNCaP medium (see Section 2.2) and 200 p of
mineral oil to prevent evaporation (Sigma—Aldrich, M5310) were
added to each well and the plate was mounted on a Zeiss Axio
Observer Z1 using incubation at 37 °C and 5% CO, supply for live cell
imaging. The area of the migrating cells was measured by hand-
drawing regions of interest in Imaged. Statistical analysis for all
in vitro experiments was performed using GraphPad Prism 8 (Graph-
Pad Software, Inc.).

2.10. Human samples

We selected 121 newly diagnosed male prostate cancer patients with a
mean age of 64 years and mean body mass index (BMI) of kg/mz, who
were recruited prior to radical prostatectomy. None of the patients
received hormone-altering therapy prior to inclusion. Tissue sampling
was performed by an experienced uropathologist. Prostate cancer
(n = 50) as well as benign prostate tissues (n = 71) were immediately
snap-frozen in liquid nitrogen and stored at —80 °C. For histological
confirmation, hematoxylin and eosin stainings were performed on
paraffinized samples and Gleason scores were determined. The tumor
contents of the specimen were very variable among the patients (5%—
90%). Patient characteristics are provided in Supplementary Table S2.
To analyze cell types in human prostate sections, we used paraffin
sections taken from prostate cancer patients aged 55—76 years with
Gleason score 3—4.

Informed written consent was obtained from all participants and the
Ethics Committee of the University of Tiibingen approved the protocol
according to the Declaration of Helsinki.

Multivariate linear regression models adjusted for age and BMI were
performed using the JMP statistical software package (JMP 14.2, SAS
Institute Inc.).

2.11. Real-time PCR

Total RNA from prostate cell lines and human prostate tissues was
isolated using the Allprep RNA/DNA/protein kit (Qiagen) according to
the manufacturer's description and cDNA was synthesized

(Transcriptor First Strand cDNA synthesis kit, Roche). Real-time PCRs
were performed with LightCycler 480 Probes Master (Roche) with
universal probe library using LightCycler 480 (Roche) as previously
described [40]. Delta—delta crossing-point (Cp) values were calculated
and values were normalized to the housekeeping gene ubiquitin ¢
(UBC) [41]. For real-time PCR analysis the following primers and
probes were applied: UBC 5'-GGAAGGCATTCCTCCTGAT and 3'-
CCCACCTCTGAGACGGAGTA (probe nr 11), EGFR 5-GTGGATGG-
CATTGGAATCA and 3'-CAAAGGTCATCAACTCCCAAA (probe nr 50),
inceptor  5'-CAGGTGCAGTCCACAGAAAA  and 3/-GCCATCA-
CAGGTCCCATC (probe nr 74) and MDMZ2 5-CCATGATCTA-
CAGGAACTTGGTAGTA and 3’-TCACTCACAGATGTACCTGAGTCC (probe
nr 18). Primer sequences for AR, PSA, PSMA, IRa, IRb, IGF1R, CYP7B1
and ERb were previously published [30].

2.12. Bioinformatic analyses

Tissue expression of inceptor was extracted from the Human Protein
Atlas (HPA) [39] (https://www.proteinatlas.org/ENSGO0000116299-
KIAA1324/tissue, last accessed on 18.09.2020). Data for the HPA
dataset was collected by lllumina RNA-seq of specimen from the
Uppsala Biobank. The protein sequence of inceptor was analyzed using
the ENSEMBL database [42] (https://www.ensembl.org, reference
ENSG00000116299, last accessed on 18.09.2020). The predicted
domains were selected for the 1013aa transcript and annotated in
SnapGene Viewer for visualization (Insightful Science; available at
snapgene.com). The gene expression data in Figure 2 was extracted
from the TCGA dataset using the GEPIA web server [43] (http://gepia.
cancer-pku.cn/detail.php?gene=KIAA1324, last accessed on
18.09.2020). Mutation data in the TCGA and Neuroendocrine Prostate
Cancer [44] datasets were obtained from CBioPortal [45] (https://www.
chioportal.org, last accessed on 18.09.2020). The DNA sequence of /IR
was copied from the National Center for Biotechnology Information
(NCBI) (available from https://www.ncbi.nim.nih.gov/, 20.11.2020).

3. RESULTS

3.1. Inceptor expression in healthy prostate epithelium and
prostate cancer cell lines

Database searches revealed that /R mRNA (also known as EIG121/
KIAA1324) is highly expressed in human prostate (Fig. S1a). To
confirm the protein expression and to identify the cell type and tissue
distribution of inceptor, we used our previously generated specific
monoclonal antibodies against inceptor [33] and performed immuno-
histochemistry on adult mouse prostate sections (Figure 1a) and on
sections of human prostate biopsies (Fig. 1b). We observed inceptor in
all luminal cells of the murine and human prostate epithelium, which
are marked by presence of Cytokeratin 8/18 and absence of Cyto-
keratin 5. Moreover, the prostate epithelium contains a subset of cells
that expresses both Cytokeratin 5 and Cytokeratin 8/18, usually
referred to as intermediate cells [46]. We found that intermediate cells
expressed inceptor, while Cytokeratin 8/18 negative basal cells did not
(Figure 1a,b). There was no or only very low inceptor expression in
neuroendocrine cells (Fig. 1c¢), which regulate growth and differenti-
ation of the prostate epithelium by secreting peptide hormones, such
as serotonin (5-HT), calcitonin and somatostatin [47].

To analyze the expression of /IR in various androgen-dependent and
independent cell lines, we performed qPCR and Western blot analyses.
In gPCR, we detected //R mRNA expression in the primary HPEC line, as
well as in the androgen-dependent prostate cancer cell line LNCaP and
the androgen-independent prostate cancer cell line PC3 (Fig. 1d). In
Western blot we additionally analyzed the immortalized cell line BPH-1,
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Figure 1: Inceptor is expressed in healthy murine prostate epithelium and human prostate cancer cell lines. a. Inmunohistochemical staining of WT mouse prostate with
antibodies against inceptor, Cytokeratin 8/18 marking luminal cells and Cytokeratin 5 marking basal cells. Image shows a section of dorsal prostate, representative of 14 slices
from two mice, taken from the dorsal, ventral or anterior prostate. Scale bar: 100 um (upper row), 20 um (lower row, zoomed in). b. Inmunohistochemical staining of human
prostate with antibodies against inceptor (cyan), Cytokeratin 8/18 (magenta), and Cytokeratin 5 (red). Scale bar: 50 pum. c¢. WT mouse prostate stained for inceptor, Cytokeratin 8/18
and Serotonin (5-HT) expressed in neuroendocrine cells. Image shows a section of dorsal prostate, representative of 8 slices from teo mice, taken from the dorsal, ventral or

anterior prostate. Scale bar: 100 pm (upper row), 20 um (lower row, zoomed in). d,e.

Expression levels of inceptor in different human prostate cancer cell lines, determined by

qPCR and Western blot. Densitometric quantification of the Western blot is shown on the right, values are normalized on y-tubulin as loading control (n = 3).

which is a model for benign prostate hyperplasia, as well as the
androgen-independent LNCaP derivative LNCaP C4-2 (Fig. 1e). For
further experiments we chose LNCaP cells, which showed reliable /R
mRNA and protein expression.

3.2. Correlation of inceptor expression with carcinogenic markers
in human prostate samples

To evaluate the relevance of inceptor in human prostate cancer, we
searched online databases for the publicly available TCGA (The Cancer
Genome Atlas) dataset. We found that, compared to healthy tissues,
inceptor was downregulated in pancreatic adenocarcinoma, but
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upregulated in ovarian, uterine, breast and prostate carcinoma
(Fig. S1b). In prostate cancer, gene expression levels of /IR correlated
with AR and AR-associated genes such as PSA (prostate-specific
antigen, also known as KLK3) and PSMA (also known as FOLH7)
(Figs. S1c—e). Further, /IR correlated with /GF1R and IR (INSR)
(Figs. S1f and g). As tumor progression often goes along with
increasing mutation status, we evaluated the frequency of different
types of mutations in progressively more dedifferentiated tumor
stages. We found that in all stages, mutations of /IR frequently co-
occurred with mutations of EGFR, IR, IGF1R, IGF2R, PI3K subunits
C2a and C2b, AR, PSA and PSMA (Table S1). The mutation rate of /IR
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was low in prostate adenocarcinoma; however, the frequency of gene
amplifications was notably enriched in castration-resistant prostate
cancer and neuroendocrine carcinoma (Fig. S2a). For comparison, AR
was also frequently amplified or mutated in castration-resistant
prostate cancer and neuroendocrine carcinoma (Fig. S2f), presum-
ably to facilitate androgen-dependent proliferation despite low
androgen levels. A similar pattern could be observed for /GF1R, IR,
EGFR and PI3K (Figs. S2b—e). Of note, deletion of /IR was very rare in
all prostate cancer stages (Fig. S2a). In addition, we analyzed 121
human prostate tissue samples consisting of 71 benign and 50 cancer
samples (Table S2). The /IR mRNA expression showed a significant
positive correlation with the tumor content of the respective specimen
(Figure 2a). Further, we plotted the /IR expression against the
expression of AR and the AR-associated genes PSA and PSMA
(Figure 2b—d). All three genes showed a strong positive correlation
(p < 0.0001) with /IR. Moreover, there was a positive correlation
between /IR and MDM2 (Fig. 2e). The expression of /IR also showed a
positive correlation with /Ra/IRb ratio and a negative correlation with
IRb/IGF1R ratio (Figure 2f,qg).

3.3. Inceptor and androgen signaling of prostate cancer cells

As previously reported, androgen deprivation leads to differentiation of
LNCaP cells towards a more invasive, neuroendocrine cancer-like cell
type [48]. To model prostate cancer progression in vitro, we cultured
LNCaP cells in androgen-free medium. During deprivation, the
expression levels of inceptor and PSMA increased gradually
(Figure 3a,b). The increase in inceptor levels after androgen depriva-
tion was also reflected in immunocytochemistry (Fig. 3c).

The expression of inceptor and AR, as well as the nuclear localization
of AR, seemed to be heterogeneous among single cells (Fig. 3c). To
investigate this heterogeneity, we measured the ratio of nuclear AR to
total AR and inceptor fluorescence intensity in single cells (Fig. 3d).
There was a correlation between inceptor intensity and AR nuclear
localization after androgen depletion (p = 0.038). This suggests that
inceptor might be associated with nuclear translocation and thus
activation of AR. Therefore, we analyzed the levels of PSA, which is a
direct AR target, in LNCaP cells overexpressing the fusion protein
inceptor-venus compared to venus overexpressing cells and wildtype
(WT) cells as controls (Fig. 3e). In normal growth conditions, as well as
after 5 days of androgen deprivation, there was more PSA expression
in inceptor-venus overexpressing cells.

3.4. Inceptor trafficking

To investigate the trafficking of inceptor in prostate cancer cells, we
performed co-stainings of inceptor with the Golgi markers GM130 and
giantin and the lysosomal protein LAMP1 in LNCaP cells. All markers
revealed a high degree of overlap with inceptor, with LAMP1 coloc-
alization being slightly higher compared to GM130 and giantin
(Figure 4a). Thus, we found the main fraction of inceptor in the
endosomal-lysosomal compartment. This is consistent with bio-
informatic predictions (Supplementary Table S3), particularly with the
assumed mannose-6-phosphate receptor domain of inceptor (Fig. S3),
as this domain is responsible for lysosomal trafficking. To track the
internalization of inceptor, we used LNCaP cells overexpressing
inceptor-venus. We have previously shown that inceptor-venus shows
the same localization and trafficking dynamics as endogenous inceptor
and is therefore a valid tool to study the function of inceptor [33]. This
cell line was imaged after pulse-labeling with an AlexaFluor555-
conjugated inceptor antibody (Fig. 4b). After 5 min, the antibody was
visible on the plasma membrane, before it was gradually endocytosed
and showed high colocalization with inceptor-venus after 30 min.

These results show that inceptor is cycled between the plasma
membrane, lysosomes and Golgi complex in LNCaP cells.

To test if inceptor is involved in the trafficking of receptor tyrosine
kinases in prostate cancer cells, we performed an endocytosis assay
with labeled insulin and EGF (Figure 4c,d). We observed an overlap
between the inceptor antibody and insulin, indicating that both proteins
are internalized via the same endocytosis pathway. In contrast, we did
not see overlap between inceptor and EGF.

To further analyze the co-trafficking of inceptor with receptor tyrosine
kinases, we performed co-stainings of IR, IGF1R and EGFR with the
membrane marker E-cadherin (Figure 4e,f). We found that slightly but
significantly more IGF1R was localized at the plasma membrane in
inceptor overexpressing cells compared to WT. There was no significant
change in EGFR or IR localization (quantification in Figure 4f, images not
shown).

3.5. Inceptor and insulin/IGF1 signaling

Since receptor trafficking is crucial for the initiation and termination of
signaling cascades, we investigated the connection of inceptor with IR
and IGF1R activation in prostate cancer cells.

To confirm IGF1R and IR as interaction partners of inceptor, we per-
formed co-IP in LNCaP cells (Figure 5a). We successfully pulled down
inceptor using an IGF1R and an IR antibody.

Next, we analyzed the impact of inceptor on relevant signaling path-
ways in LNCaP cells overexpressing inceptor-venus or venus only as a
control. The signaling pathways were analyzed by depletion of growth
factors in the medium, followed by stimulation with insulin, IGF1 or
EGF. In LNCaP cells overexpressing inceptor-venus, EGFR levels
appeared to decrease slightly after androgen deprivation and after
stimulation (Figure 5b,c). The phosphorylation of EGFR upon EGF in-
duction was not changed. Upon stimulation with IGF1, the phosphor-
ylation of IR/IGF1R was substantially increased. This was not the case
for stimulation with insulin, at a concentration of 10 nM, where insulin
almost exclusively activates IR [27].

3.6. Migration of LNCaP cells upon inceptor overexpression

Since inceptor seems to be upregulated in more advanced prostate
tumors, we investigated the functional effect of inceptor over-
expression in prostate cancer cells. The proliferation rate of the
inceptor-venus overexpressing cell line was assessed by incubation
with EdU in normal growth medium. There was no significant differ-
ence compared to WT and Venus control (Figure 6a,b).

To investigate the migration of inceptor-venus overexpressing cells, we
performed a spheroid migration assay, adapted from previously pub-
lished studies [49,50] (Fig. 6¢). To quantify the effect, we measured
the area of invading cells leaving the compact spheroid structure
(marked in green color in Fig. 6¢). The migration rate of the inceptor-
venus overexpressing cells was significantly higher compared to WT
and Venus control (Fig. 6d).

4. DISCUSSION

According to publicly available databases, inceptor is downregulated in
pancreatic adenocarcinoma compared to healthy tissue, but upregu-
lated in ovarian, uterine, breast, and prostate carcinoma, which is in
line with previous reports [34—36].

Both databases and our evaluation of human samples revealed that
inceptor is expressed in benign and malignant prostate epithelium, with
the expression in malignancies being significantly higher. The /IR gene is
more frequently amplified in the more aggressive forms of castration-
resistant prostate cancer and neuroendocrine carcinoma, compared to
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adenocarcinoma. The prostate is a secretory organ, containing mainly
luminal secretory cells, basal cells and neuroendocrine cells. Inceptor is
expressed in luminal and intermediate cells. This is of particular interest
since luminal cells are the main origin of prostate cancer [51].

In human prostate cancer samples, the gene expression levels of //Rin
this study correlated with the expression of AR, PSA and PSMA, which
are well established hallmarks of disease progression [52,53]. MDM2,
which also correlated with /IR expression, is an E3 ubiquitin protein
ligase responsible for degradation of the tumor suppressor p53. Thus,
it is considered a progression marker in many cancer types, including
prostate cancer [54,55]. Notably, MDM2 has been shown to promote
migration of cancer cells by ubiquitinating E-cadherin and thus tagging
it for lysosomal degradation [56]. Taken together, these results show
that inceptor correlates with carcinogenic markers.

Our analyses of human prostate cancer samples further showed
positive correlation of inceptor with the IRa/IRb ratio and negative
correlation with the IRb/IGF1R ratio. It was previously demonstrated
that the ratio of insulin receptor isoforms IRa to IRb is significantly
higher in prostate cancer compared to benign tissue [57]. In contrast to
IRb, which only binds insulin with high affinity and is mainly respon-
sible for mediating metabolic functions, IRa can activate proliferation
via insulin, IGF1 or IGF2 binding [27]. Thus, higher IRa to IRb ratio and
lower IRb/IGF1R ratios in tumors with high inceptor expression indicate
an activation of mitogenic pathways rather than metabolic pathways,
mediated via the insulin/IGF1 cascade.

We pulled down inceptor with IGF1R and IR, showing that inceptor
physically interacts with receptor tyrosine kinases in prostate cancer
cells. This is consistent with our previous results in B-cells [33]. The
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total levels of IGF1R were comparatively low, thus it seems that the
pulldown of inceptor with IGF1R was efficient. In our endocytosis
assay, insulin was internalized via the same routes as inceptor. It is
important to note that insulin can be a ligand for IGF1R, especially at
the high concentration used in the endocytosis experiment (100 nM)
[27]. Thus, it is possible that the observed colocalization was due to
co-trafficking with IGF1R rather than IR. Overexpression of inceptor led
to increased IGF1R levels and more IGF1R on the membrane. There-
fore, we hypothesize that inceptor has a role in the trafficking of IGF1R.
Analysis of the subcellular localization has shown that inceptor resides
mainly in the Golgi complex and in the lysosome. This localization
pattern is expected since inceptor contains a mannose-6-phosphate
receptor domain. The cation-independent mannose-6-phosphate re-
ceptor, also known as IGF2R, is responsible for sequestering excess
IGF2 from the plasma membrane and routing it to the lysosome for
degradation, and for delivering lysosomal enzymes from the Golgi
complex [58]. The high colocalization of inceptor with lysosomes raises
the question of a potential function of inceptor in lysosomal degra-
dation. It has previously been speculated that inceptor might be
involved in EGFR degradation in breast cancer [59], although further
studies are required to test this hypothesis. Taken together, our results
show a correlation of inceptor levels and IGF1R signaling, which may
be associated with altered IGF1R trafficking and/or degradation.

Proliferation of LNCaP cells was not affected by inceptor over-
expression. This is counterintuitive, since it is known that insulin/IGF1

10

signaling can propagate mitogenic effects in cancer [1]. However, our
data showed that the migration of LNCaP cells was increased upon
inceptor overexpression. Importantly, IGF1R levels but not IR levels
were elevated upon inceptor overexpression. Accordingly, IGF1 stim-
ulation induced higher signaling activation when inceptor was over-
expressed, while this effect could not be observed upon stimulation
with insulin. However, we have observed increased migration in a 3D
spheroid model upon inceptor overexpression. The main advantage of
spheroid assays compared to conventional trans-well migration or
wound-healing assays is that spheroid invasion in a 3D collagen matrix
closely mimics invasion in vivo [60]. Thus, this indicates a potential
involvement of inceptor in cancer cell migration. It has been shown that
migration of cancer cells can be induced via IGF1 [61—63]. The pro-
liferation assay was carried out in normal growth medium, in presence
of androgens. As androgen signaling is the main driver for proliferation
in LNCaP cells and it is known that IGF1R and IR are essential factors of
androgen-independent survival mechanisms [12], the growth-
promoting effect of inceptor might be masked in these conditions.

In our previous study analyzing the role of inceptor in pancreatic -
cells, we have shown that inceptor counteracts insulin signaling [33].
Based on this finding, decreased aggressiveness of cancers with high
inceptor levels would be expected, which is in contrast with the results
obtained in the present study. We hypothesize that inceptor has diverse
effects on signaling pathways, depending on the cellular context. This
hypothesis would explain the seemingly contradictory literature studies
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analyzing the effects of high inceptor levels in different cancers. These
studies indicated favorable prognosis in pancreatic neuroendocrine
tumors and gastric cancer [35,36] but poor prognosis in endometrial
cancer and ovarian cancer [37,38].

We found that inceptor was upregulated upon androgen deprivation of
LNCaP cells. Androgen deprivation in vitro induces differentiation to-
wards a more aggressive cell type [48]. Cells that expressed high
levels of inceptor showed more nuclear AR localization. The dynamic
inceptor expression during androgen deprivation mirrored PSMA
expression. Further, the PSMA gene was highly correlated to /IR in
human prostate cancer. PSMA is an enzyme with peptidase and hy-
drolase activity whose function in prostate cancer is poorly understood.
However, it is well established that PSMA is highly overexpressed in
prostate cancer and increases with tumor grade [64]. It has been
suggested that AR downregulates the PSMA enhancer PSME [65].
Accordingly, there are studies showing PSMA upregulation upon
androgen deprivation therapy of prostate cancer patients [66,67].
Since inceptor showed similar expression dynamics as PSMA, it is
possible that inceptor is downregulated by androgens in a comparable
manner as PSMA. Alternatively, inceptor may be estrogen-regulated,
as suggested in literature [34,38], considering that estrogen and
androgen signaling are highly interconnected in prostate cancer [68].
Taken together, our results from human samples and cell culture
experiments suggest that inceptor might be associated with the hor-
mone status of prostate tumors.

In this study we demonstrate for the first time that inceptor is asso-
ciated with prostate cancer, possibly connected to IGF1R signaling.
Further studies are needed to evaluate the clinical significance of
inceptor in prostate cancer.
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a. RNA expression levels of inceptor in pTPM (protein-coding transcripts per million),
according to the Human Protein Atlas.

b. Expression of inceptor in tumor (cyan) vs. healthy tissue (gray) for Ovarian serous
cystadenocarcinoma (OV), Uterine Corpus Endometrial Carcinoma (UCEC), Breast
invasive carcinoma (BRCA), Pancreatic adenocarcinoma (PAAD) and Prostate
adenocarcinoma (PRAD).

c-g. Correlation of log transformed mRNA levels of inceptor with AR, KLK3 (PSA),
FOLH1 (PSMA), IGF1R and IR (INSR). Data was retrieved via the GEPIA web
server.
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Frequency of amplification (red), mutation (green) or deep deletion (blue) of indicated genes in
prostate adenocarcinoma, castration-resistant prostate cancer and prostate neuroendocrine
carcinoma based on the TCGA and Neuroendocrine Prostate Cancer (NatMed) datasets. Data was

analyzed via CBioPortal.



Supplementary Figure S3

Inceptor predicted protein domains
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The protein sequence was analyzed using the ENSEMBL database, extracting the recognized protein
domains with highest similarities.



Supplementary Figure S4
b

d Min6 WT Min6 KO 2G6-Alexa Fluor 647 no antibody

a. The inceptor antibody #2G6 was initially tested via immunocytochemistry in the mouse insulinoma

cell line Min6. The specificity was validated by applying the antibody to inceptor knockout Min6 in the
same conditions.

b. The labeled antibody #2G6-Alexa Fluor 647 was tested on live Min6 cells at an initial concentration of
100 pg/ml in DMEM.





