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ABSTRACT

ABSTRACT
Liver receptor homolog 1 (LRH-1) is a transcription factor of the nuclear receptor superfamily
that is predominantly expressed in tissues of endodermal origin where its diverse effector
functions as well as consequences of its dysregulation have been extensively studied. Due to
its critical role in various metabolic, pro-proliferative and survival pathways, LRH-1 could not
only be linked to metabolic diseases such as diabetes but has also been proposed to be a
potential oncogene. Accordingly, LRH-1 implication could indeed already be shown in multiple
solid cancer types. Therefore, LRH-1 displays an interesting therapeutic target in diverse
pathologies and a lot of research effort is made to understand the basis of LRH-1 regulation
respectively deregulation in order to specifically modulate LRH-1 activity.
Within the scope of this work, the current state of the art regarding the diverse physiological
as well as oncogenic functions of LRH-1 and its potential as a pharmacological target were
discussed in an extensive review article. So far, remarkably little was known about the role and
targetability of LRH-1 in the hematopoietic system and associated diseases. These topics
hence being the primary research focus of this thesis, LRH-1 expression could be
demonstrated in primary immature and mature murine T cells as well as human peripheral
blood mononuclear cells and was shown to be dynamically induced upon their mitogenic
stimulation. Characterizing the effects of T cell-specific LRH-1 deletion revealed a critical role
of LRH-1 in activation-induced proliferation and associated effector functions of CD4+ T helper
cells and cytotoxic CD8+ T cells in vitro and in vivo. Moreover, specific small molecule LRH-1
antagonists allowed for its transient inhibition in healthy and leukemic T cells, hence suggesting
LRH-1 to be a promising target in the treatment of T cell-mediated diseases including
hematological malignancies. In a follow-up study, LRH-1 expression and activity could
accordingly also be verified in several T cell acute lymphoblastic leukemia (T-ALL) cell lines.
By downregulation and pharmacological inhibition, it could be shown that LRH-1 besides being
an essential regulator of T-ALL cell proliferation and survival, significantly contributes to their
insensitivity towards glucocorticoid (GC)-induced cell death. This seems to be primarily
mediated by a newly discovered direct interaction of LRH-1 and the glucocorticoid receptor
(GR) that leads to a mutual inhibition of their transcriptional activities. Since synthetic GCs like
dexamethasone are a mainstay of leukemia therapy, the common occurrence of GC
resistances offers a serious concern in treatment of T-ALL patients and is associated with a
poor prognosis. It is therefore of clinical importance that a small molecule LRH-1 antagonist
not only impaired leukemia cell growth and viability but, moreover, caused the profound
sensitization of T-ALL cell lines as well as human patient-derived xenografts to dexamethasoneinduced apoptosis.
This thesis hence elucidates the role of LRH-1 in maturation, expansion as well as effector
functions of healthy T lymphocytes, characterizes its oncogenic potential in leukemia and
describes a novel mutual antagonism between LRH-1 and the GR that plays a role in GC
sensitivity. By, moreover, demonstrating its pharmacological targetability, this study opens new
perspectives for the development of innovative LRH-1-based therapeutic strategies to treat T
cell-mediated pathologies.
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ZUSAMMENFASSUNG
Der nukleäre Rezeptor LRH-1, kurz für Liver Receptor Homolog-1, ist ein Transkriptionsfaktor
der vorwiegend in Organen endodermalen Ursprungs, wie zum Beispiel in Leber, Darm oder
Pankreas exprimiert wird. In Zellen dieser Gewebe ist LRH-1 entscheidend an der Regulation
verschiedener Prozesse beteiligt, die wesentlich für deren Stoffwechsel, Wachstum aber auch
deren Überleben sind. Es konnte bereits nachgewiesen werden, dass eine Deregulierung von
Prozessen, an denen LRH-1 beteiligt ist, die Entstehung verschiedener Tumore begünstigt.
Somit stellt LRH-1 ein spannendes pharmakologisches Target in der Krebsforschung dar. Um
die Aktivität von LRH-1 gezielt zu beeinflussen, muss zunächst untersucht werden, welche
Faktoren zur Regulierung bzw. Deregulierung von LRH-1 beitragen.
Im Rahmen dieser Dissertation wurde in einem ausführlichen Review der aktuelle
Forschungsstand in Bezug auf die vielfältigen physiologischen, aber auch onkogenen
Funktionen von LRH-1 diskutiert und dessen Potenzial als pharmakologisches Target evaluiert.
Dabei wird deutlich, dass bisher sehr wenig über die Rolle von LRH-1 im hämatopoetischen
System und den damit assoziierten Erkrankungen bekannt ist, was daher der vorrangige
Forschungsgegenstand dieser Arbeit war. Zunächst konnte gezeigt werden, dass LRH-1 in
unreifen sowie reifen primären murinen T Zellen als auch humanen mono-nukleären Zellen
exprimiert wird und in diesen vor allem nach mitogener Stimulation induziert wird. Die
Charakterisierung eines T-Zell-spezifischen LRH-1-Knockouts ergab, dass LRH-1
entscheidend für die aktivierungsinduzierte Vermehrung und damit verbundenen EffektorFunktionen von CD4+ T-Helferzellen und zytotoxischen CD8+ T-Zellen ist. Außerdem konnte
LRH-1 mittels spezifischer Antagonisten in gesunden und leukämischen T-Zellen transient
gehemmt werden. Dies deutet darauf hin, dass LRH-1 ein vielversprechendes Target für die
Behandlung T-Zell-vermittelter Krankheiten wie zum Beispiel Leukämien darstellt. In einer
Folgestudie wurde daher die Rolle von LRH-1 in akuter lymphatischer T-Zellleukämie (T-ALL)
untersucht. Dabei wurde dessen Expression, Aktivität sowie entscheidende Rolle für die
Proliferation und das Überleben von T-ALL-Zellen bestätigt. Durch eine neuentdeckte,
physische und regulatorische Interaktion hemmt LRH-1 außerdem die Aktivität des
Glucocorticoid-Rezeptors (GR) und trägt somit zur Glucocorticoid (GC)-Resistenz von T-ALLZellen bei. Da synthetische GC in der Klinik als Standard-Therapie von Leukämien eingesetzt
werden, stellt das häufige Auftreten von GC-Resistenzen ein ernstzunehmendes Problem für
die Behandlung von T-ALL Patienten dar. Es ist daher von höchster klinischer Relevanz, dass
ein pharmakologischer LRH-1 Antagonist T-ALL-Zelllinien und humane „patient-derived
xenografts“ stark für die Zelltod-induzierende Wirkung von GC sensibilisiert. Darüber hinaus,
unterdrücken LRH-1 Inhibitoren die Proliferation bzw. sind in höheren Konzentrationen sogar
toxisch für T-ALL-Zellen.
Zusammengenommen charakterisiert diese Arbeit also nicht nur die Rolle von LRH-1 in der
Entwicklung, Expansion und Funktion gesunder T-Lymphozyten, sondern auch das onkogene
Potenzial von LRH-1 in T-ALL. Mit der physischen sowie regulatorischen Interaktion von LRH1 und GR, wurde ein neuer Mechanismus entdeckt, der zu GC-Resistenzen beiträgt. Sie zeigt
außerdem den therapeutischen Nutzen pharmazeutischer LRH-1 Inhibition und eröffnet damit
neue Perspektiven für die Entwicklung innovativer LRH-1-basierter Therapieansätze.
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1 GENERAL INTRODUCTION
Distinct gene expression allows for the differentiation and distinct function of the diverse cell
types that make up complex tissues and organ structures of multicellular organisms despite
containing the identical genetic information. Gene transcription is tightly controlled by a highly
complex machinery of cooperatively acting regulatory proteins with transactivating or repressing function including transcription factors. Nuclear receptors (NRs) comprise a family
of transcription factors that universally control gene expression of a myriad of target genes and
are consequently critical for numerous biological processes. Thus, their dysfunction has been
reported in different pathophysiological conditions including cancer, diabetes, and infertility
(Achermann et al., 2017). Their drugability renders NRs optimal therapeutic targets, which
since many years has been harnessed to successfully treat metabolic, autoimmune and
malignant diseases. However, organ-specific functions, adverse effects and development of
resistances towards NR-based therapeutics often limits therapy success and highlight the need
for alternative therapy approaches.
The following introduction will outline general characteristics of NRs with a special focus on
regulation and function of liver receptor homolog-1 (LRH-1) and the glucocorticoid receptor
(GR). Since this thesis characterizes the role of LRH-1 in healthy and malignant T cells as well
as a steroid sensitivity regulating crosstalk with the GR, relevant information for a better
understanding regarding T cell development, leukemia and glucocorticoid (GC) resistances
will be discussed.

1.1

Liver receptor homolog-1 (LRH-1)

1.1.1 The family of nuclear receptors
Nuclear receptors (NRs) make up one of the largest family of transcription factors, with 48
members encoded in the human genome that all exhibit non-redundant biological functions.
NRs are evolutionary related but nevertheless diverse and were originally characterized by
their ability to bind small lipophilic, membrane-diffusing molecules and hence are important
sensors of intercellular stimuli (Mangelsdorf et al., 1995).

Structure
Based on sequence alignment and phylogenetic analysis, NRs can be divided into seven
evolutionary groups (N0-N6) (Nuclear Receptors Nomenclature Committee, 1999). Despite
diverging size and shape as well as significant functional differences, all NRs share a common
structural organization composed of five distinct domains with the DNA binding domain (DBD,
C domain) and ligand binding domain (LBD, E domain) being the most conserved ones (Figure
1A).
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Figure 1 Common structural organization and mechanism of action of nuclear receptors.
(A) The five NR domains (A/B-F) with the evolutionary highly conserved zinc finger DNA binding domain (DBD; C
region) and ligand binding domain (LBD; E region) containing activation function (AF) 2 marked in dark blue. The
divergent N-terminal AF1 (A/B), the flexible hinge (D) and C-terminal F domain are shown in light blue. (B) In
simplified terms, transcriptional activity of NRs is regulated by ligand binding causing conformational changes
within the receptors that facilitate dynamic interactions with co-regulatory proteins and DNA-response elements
(RE) located within target gene promoters. Ultimately, expression of NR-specific target genes becomes activated
or repressed via complex genomic but also non-genomic signaling events.

All NRs contain a variable, intrinsically disordered N-terminal domain (A/B region) with little
sequence conservation. The A/B region often includes a ligand-independent activation function
(AF-1) interacting with co-regulatory factors (Kumar and Thompson, 2003) and is subject to
activating or inhibiting post-translational modifications (Anbalagan et al., 2012). The DBD is the
most conserved and highly structured region present in all NRs except for DAX1 (dosagesensitive sex-reversal adrenal hypoplasia congenital critical region on the X chromosome gene
1) and SHP (small heterodimer partner) (Seol et al., 1996, Zanaria et al., 1994). It contains two
DNA binding zinc finger motifs as well as several other sequence motifs that cooperatively
enable recognition and stable interaction with receptor-specific DNA sites termed response
elements (RE) (Gronemeyer and Moras, 1995). The variable D domain serves as a flexible
hinge between the DBD and LBD. Hence, it allows ligand-induced conformational changes of
NRs and by often carrying nuclear localization sequences (NLS) further regulates subcellular
distribution (Pawlak et al., 2012). One key characteristic of NRs is the multi-functional LBD
located in the E region that contains the eponymous size-variable, hydrophobic ligand binding
pocket. Crystal structure analysis revealed a common, compact organization of NR ligand
binding pockets consisting of 12 α-helices that undergo structural re-positionings upon ligand
binding (Malinina et al., 2017). The LBD further comprises a ligand-dependent transactivation
function (AF-2) and serves as a major dimerization and co-regulator association interface
(Wurtz et al., 1996). Only present in some NRs, the structure and function of the following highly
variable C-terminal F domain remains largely enigmatic but was suggested to influence NR
activity by affecting dimerization, stability and interactions with co-modulators (Patel and
Skafar, 2015).
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Signaling and Regulation
In simplified terms, all NR ligands, including steroid and thyroid hormones, fatty acids as well
as certain vitamins, act in a similar manner (Figure 1B). Interaction with their dedicated receptor
triggers conformational changes that alter the dynamic interactions of NRs with specific DNA
target sequences, co-regulatory proteins and chromatin-modifying machineries (Weikum et al.,
2018). Via several distinct genomic as well as non-genomic mechanisms, NRs consequently
activate or repress expression of complex gene regulatory networks implicated in virtually all
physiologically important developmental, growth, metabolic and homeostatic processes
(Germain et al., 2006).
Operating as monomers, homo- or heterodimers, NRs recognize and interact with specific DNA
sequences termed hormone response elements (HRE) composed of one or two hexameric half
site motifs that share the consensus sequence 5’-(A/G)G(G/T)TCA-3’ (Mangelsdorf et al., 1995,
Penvose et al., 2019). Bipartite REs differ in their relative orientation being organized as either
direct or inverted repeats that are separated by a spacer of variable length (0-5 base pairs)
(Claessens and Gewirth, 2004). Furthermore, only about half of the 48 human NRs are
endogenous ligand-dependent transcription factors, while for the remaining so-called “orphan”
NRs regulatory ligands are either unknown, only recently identified or non-existing (Germain
et al., 2006, Tao et al., 2020). Hence, NRs vary widely in dimerization, ligand and DNA binding
specificity, and can be grouped into four subclasses based on key characteristics concerning
their mechanism of action as schematically depicted in Figure 2.

A

C

B

D

Figure 2 Classification of NRs based on mechanism of action and DNA binding properties
Nuclear receptors are divided into four functional classes (A-D) based on dimerization, DNA binding specificity,
and mode of action. (A) Ligated Class I steroid receptors recognize palindromic response elements as
homodimers, while (B) Class II heterodimeric NRs bind to direct repeat response elements with the retinoic X
receptors (RXR) as obligate partners. (C) Homodimeric orphan receptors binding to direct repeat and (D)
monomeric orphan NRs interacting with single site response elements constitute Class III resp. Class IV. DR: direct
repeat; IR: inverted repeat. (modified from Porter et al., 2019)

Class I NRs, such as the estrogen and glucocorticoid receptor (ER & GR), are activated by
eponymous steroid hormones (Figure 2A). Contrary to other NRs, unliganded Class I receptors
are sequestered in the cytosol by interaction with chaperone complexes including heat shock
proteins (HSPs) (Echeverria and Picard, 2010). Only ligand binding-induced distinct
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conformational changes facilitate dissociation of the receptors from inhibitory chaperones,
exposure of NLSs and nuclear translocation (Hager et al., 2000). Subsequently,
homodimerized ligand-receptor complexes, bind to palindromic HREs (Pawlak et al., 2012).
In contrast, Class II receptors as for example the thyroid receptor, typically form heterodimers
with the retinoic X receptor (RXR) and are constantly retained in the nucleus binding to direct
repeat REs (Figure 2B) (Mangelsdorf et al., 1995). Complexed with co-repressors, un-liganded
Class II receptors exhibit active repressive function (Watson et al., 2012). Ligand binding
facilitates the replacement of co-repressor with enzymatic co-activator complexes that
enhance chromatin accessibility and thus promote target gene transcription (Glass and
Rosenfeld, 2000).
The remaining two classes of NRs consist of homodimeric (Class III, Figure 2C) and
monomeric (Class IV, Figure 2D) orphan receptors that bind to direct or palindromic
repeat REs or to single motif REs, respectively (Porter et al., 2019).
Apart from ligand binding, the transcriptional activity of NRs, especially orphans, is primarily
determined by multiple interactions with co-regulatory factors. Direct protein-protein
interactions exist between NRs and chaperones, adapter proteins, DNA modifiers, members of
the transcriptional machinery, co-activators and co-repressors. As described above, NRs in
addition to that not only form homodimers but also heterodimers with other transcription factors
including other members of the NR superfamily. Such heterodimeric interactions can result in
the reciprocal or unilateral and positive or negative regulation of the involved NRs (Amoutzias
et al., 2007, Weikum et al., 2018). Moreover, most NRs are subject to post-translational
modifications including acetylation, phosphorylation, SUMOylation and ubiquitylation that in a
context-specific manner markedly contribute to the regulation of receptor activity and function
(Anbalagan et al., 2012).

1.1.2 Structure and expression
Liver receptor homolog-1 (LRH-1; NR5A2) is affiliated to the NR subfamily 5A and was initially
identified in mice, due to its sequence homology to the first cloned NR5A member - Drosophila
Fushi tarazu factor 1 (Ftz-F1; Ikeda et al., 1993). Orthologs of LRH-1 were subsequently
discovered in several other species including frog, rat, chicken, zebrafish, and horse (EllingerZiegelbauer et al., 1994, Galarneau et al., 1996, Kudo and Sutou, 1997, Liu et al., 1997,
Boerboom et al., 2000). The human LRH-1 ortholog was identified by several independent
research groups and hence goes by the names pancreas homolog receptor 1 (Beckerandre et
al., 1993), fetoprotein transcription factor (Galarneau et al., 1998), human B1-binding factor (Li
et al., 1998) and CYP7A1 promoter-binding factor (Nitta et al., 1999).
Spanning a 150 kb region (Zhang et al., 2001) located on chromosome 1q32.11 (Galarneau et
al., 1998), the human LRH-1 gene was shown to comprise 8 exons that give rise to at least
three LRH-1 isoforms that essentially follow the basic NR modular architecture, as described
above (Fayard et al., 2004). Due to alternative splicing of exon 2, the most prevalent hLRH-1
isoform (transcript variant 2, NM_003822, 4956 bp) differs from the slightly larger hLRH-1v1
(transcript variant 1, NM_205860, 5094 bp) by a deletion in the N-terminal A/B domain that
does not alter DNA binding or activity (Figure 3). An additional alternative splicing of exon 5
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resulting in the partial deletion of the hinge region and DBD, leads to the generation of the
transcriptionally inactive and least abundant hLRH-1v2 isoform (transcript variant 3,
NM_001276464, 4787 bp) (Nitta et al., 1999).
Characteristic for the NR5A subfamily and a major structural difference to other NRs, a socalled Ftz-F1 box is located in the C-terminal part of the LRH-1 DBD (Figure 3). This highly
conserved 26 amino acid (aa) stretch enables LRH-1 to recognize and bind to specific DNA
response
elements
with
the
conserved
Ftz-F1
consensus
sequence
5’(T/C)CAAGG(T/C)C(A/G)-3’ (Ueda et al., 1992). The LRH-1 DBD further harbors two functional
NLS that cooperatively enable its permanent nuclear localization as demonstrated by
mutational analysis (Yang et al., 2011). Typical for NR5A members, LRH-1 binds to its cognate
REs as a monomer and constitutively regulates target gene expression. Usually, activation of
NRs requires a reversible, ligand binding-induced stabilization of helix H12 against the LBD
core. In LRH-1 this active LBD conformation is, however, permanently stabilized due to an
extension of its helix H2. Facilitating the continuous interaction of AF-2 with a short consensus
sequence called LXXLL motif (L = lysine, X = any aa), found in co-activator proteins, this
explains the basal, ligand-independent LRH-1 activity (Sablin et al., 2003).
LRH-1 shares a high degree of sequence similarity and thus also main structural characteristics
with steroidogenic factor-1 (SF-1, NR5A1), another Ftz-F1 family member and closest
mammalian LRH-1 homolog. Remarkably, even though binding with equal affinity to (highly)
similar REs, both transcription factors display distinct and non-overlapping functions. This at
least partly originates from their distinct expression patterns as verified by systemic anatomical
profiling of NR expression by Bookout et al. (2006). While SF-1 is predominantly expressed in
steroidogenic tissues of reproductive organs and the hypothalamic–pituitary–adrenal axis
(Ikeda et al., 1993, Val et al., 2003), LRH-1 is especially enriched in epithelial cells of
endodermal origin including the liver, exocrine pancreas and intestine (Fayard et al., 2004).
Indicating a much more wide-spread expression than initially anticipated, LRH-1 expression
could furthermore also be detected in the ovaries, adipose tissue and at lower levels in the
brain, placenta, adrenal glands and testis (Sirianni et al., 2002, Clyne et al., 2002, Higashiyama
et al., 2007). Despite co-expression of SF-1 and LRH-1 in reproductive organs, they were
shown to have non-redundant functions and cannot compensate for each other probably to
their stage, cell-type, as well as context-specific expression, functions and regulation
(Meinsohn et al., 2018).
Lately, comparatively low LRH-1 expression was interestingly also discovered in different cell
types of the hematopoietic system, namely macrophages (Lefevre et al., 2015, Schwaderer et
al., 2020) and T lymphocytes (Benod et al., 2011, Schwaderer et al., 2020). Together with so
far only few other published research articles, especially recent studies from our group, and in
particular the ones presented in this thesis (Chapter I & III), substantially support essential
function of LRH-1 in T cells. These will be discussed in detail in Chapter I.
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1.1.3 Regulation and signaling
Transcription and hence also protein abundance as well as activity of LRH-1 is controlled by
several molecular factors that recognize and bind to specific regulatory sequences upstream
the LRH-1 encoding gene. Conserved between human (Zhang et al., 2001) and mouse (Paré
et al., 2001), the LRH-1 promotor contains three GATA transcription factor binding motifs as
well as one recognition motif for NKX-homeodomain proteins. In addition, tumor necrosis
factor α (TNF) controls the expression of hepatic human and mouse LRH-1 via so far
unidentified mechanisms and transcription factors (Bohan et al., 2003). In a well-defined
timeframe during morphogenesis of the pancreas, PDX1 (pancreatic and duodenal homeobox
1) binds to and activates the murine as well as human LRH-1 promoter (Annicotte et al., 2003).
While the murine LRH-1 5’ region contains functional REs for hepatocyte nuclear factor (HNF)4α (NR2A1) as well as LRH-1 itself (Paré et al., 2001), expression of human LRH-1 was shown
to be controlled by HNF-1 and HNF-3β (Zhang et al., 2001).

Ligands
Based on the facts that LRH-1 binds to the DNA as a monomer and lacks identified endogenous
ligands, it has been classified a class IV orphan NR. Even though up to date it remains
enigmatic, whether physiologically relevant LRH-1 ligands exist, several findings indicate that
its activity can be ligand-regulated. Owing to the scientific progress and technical innovations
within the last years, endogenous ligands have been identified for many other NRs initially
classified as true orphan receptors. These so called “adopted” orphan receptors include for
example peroxisome proliferator-activated receptors (PPARα/β/γ; NR1C1/2/3) (Yu et al., 1995,
Narala et al., 2010), Nurr1 (NR4A2) (Jang et al., 2021) or liver X receptors (LXRα/β; NR1H3/2)
(Yang et al., 2006). Unlike highly specific conventional NRs, such adopted orphan receptors
display large ligand binding cavities that allow for the promiscuous binding of various
metabolites with low affinity and specificity. This most often correlates with or rather
emphasizes their essential function as systemic lipid sensors (Germain et al., 2006).
Interestingly, crystallographic X-ray analysis of the LRH-1 LBD revealed the presence of a
comparable, large and hydrophobic ligand binding pocket that in theory could easily
accommodate ligands of different size (Sablin et al., 2003). Only shortly after, three
independent research groups indeed demonstrated ligand binding to human LRH-1 as well as
SF-1 (Krylova et al., 2005, Ortlund et al., 2005, Wang et al., 2005). Via crystal structure, electron
density and mass spectrometry analysis it could unequivocally be demonstrated that certain
phospholipids including phosphatidyl inositol, phosphatidyl ethanolamine and phosphatidyl
glycerol bind to conserved residues in the LBD of LRH-1 in vitro (Figure 3). Moreover, specific
mutations within the conserved ligand binding pocket of LRH-1 selectively diminished binding
of agonistic phospholipids and consequently resulted in a reduction of LRH-1 activity in vitro
as well as in vivo, highlighting the relevance of ligand binding for LRH-1-mediated gene
transcription (Ortlund et al., 2005, Wang et al., 2005).
In recent years, further phospholipids that enhance LRH-1 activity could be identified. While
especially phosphatidylinositol (3,4,5)-trisphosphate (PIP3) was proposed to be a relevant
native LRH-1-activating hormone (Sablin et al., 2015), DLPC short for dilauroyl
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phosphatidylcholine was identified as a promising potent and specific exogenous LRH-1
agonist (Lee et al., 2011, Musille et al., 2012). It has remarkable antidiabetic activities in obesityassociated insulin resistance by modulating LRH-1-mediated expression of metabolic target
genes (see 1.1.4.) (Lee et al., 2011).

Co-repressors: SHP, DAX1,
PROX-1, NF-κB…

Co-activators: β-Catenin,
PGC-1α, MBF-1, PTF1-L…

hLRH-1v1
(541 aa)

hLRH-1
(495 aa)
mLRH-1
(560 aa)
Figure 3 LRH-1 structure and regulation
Modular structural organization of human LRH-1 (hLRH-1) and mouse LRH-1 (mLRH-1). Due to alternative splicing
of exon 2, hLRH-1 differs from the slightly larger hLRH-1v1 only by a deletion in the N-terminal A/B domain (NTD).
Site-specific post-translational modifications of LRH-1 are located on conserved serine (S) and lysine (K) residues.
Phosphorylation of S238, S243, S469; SUMOylation of K224 in hLRH-1 isoforms and K289 in mLRH-1.
Phospholipids binding to the LRH-1 ligand binding domain (LBD) include phosphatidyl inositol, phosphatidyl
ethanolamine, phosphatidyl glycerol, phosphatidylcholine and DLPC, the latter one being the only with functional
relevance in rodents. Ligand binding induced conformational changes that relief interaction of activation function
2 (AF-2) with co-repressors and favor interaction with co-activators, enhance the basal ligand-independent
transcriptional activity of LRH-1. DAX1: dosage-sensitive sex reversal, adrenal hypoplasia critical region on
chromosome X, and gene 1; DBD: DNA binding domain; DLPC: dilauroyl phosphatidylcholine; Ftz-F1: fushi tarazu
factor 1; LRH-1: liver receptor homolg-1; MBF-1: multiprotein-bridging factor-1; NF-κB: nuclear factor κB; P:
phosphorylation; PGC-1α: proliferator-activated receptor gamma coactivator 1-alpha; PROX-1: prospero
homeobox protein 1; S: SUMOylation; SHP: small heterodimer partner. (modified from Sun et al., 2021)

These observations not only supported the idea that LRH-1 activity can be ligand-modulated,
but that this could, moreover, be exploited to target LRH-1 with a beneficial outcome in
metabolic diseases. Due to the consequently increased scientific interest, several LRH-1specific, synthetic small molecules were identified and tested for their mechanism of action
and biological effects (Whitby et al., 2006, Whitby et al., 2011, Zhang et al., 2011b, Mamrosh
et al., 2014, de Jesus Cortez et al., 2016, Cobo-Vuilleumier et al., 2018b, Mays et al., 2019, Wu
et al., 2019, Cornelison et al., 2020). The prominent anti-diabetic effects of BL001 and DLPC,
as discussed in Chapter II/1.2, highlight the massive therapeutic potential of LRH-1 agonists.
Post-translational modifications
As most NRs including other members of the NR5A subfamily, post-translational modifications
(Figure 3) modulate the transcriptional activity of LRH-1 by regulating subcellular localization,
interaction with co-factors as well as protein stability. Phosphorylation of the LRH-1 hinge
domain at serine 238 (S238) and serine 243 (S243) was reported to stimulate LRH-1-mediated
target gene expression. This activating phosphorylation is mediated by extracellular signalregulated kinases 1/2 (ERK1/2) and can thus be experimentally induced by phorbol myristate

12

GENERAL INTRODUCTION
acetate (PMA) (Lee et al., 2006). Similarly, a protein kinase A (PKA)-mediated phosphorylation
of S469, a serine residue located within in the LBD, stimulates LRH-1 activity (Bouchard et al.,
2005).
In contrast, covalent but reversible modification of a conserved lysine residue (K228 in human
equals K289 in mouse) within the LRH-1 hinge region (Figure 3) with small ubiquitin-like
modifier (SUMO) peptides, or SUMOylation, represses LRH-1 activity. Mutation of this lysine
residue as well as application of a general SUMOylation inhibitor, significantly enhanced LRH1 target gene expression and confirmed that SUMOylation inhibits transcriptional activity of
LRH-1 via multiple mechanisms (Chalkiadaki and Talianidis, 2005, Lee et al., 2005, Stein et al.,
2014).

LRH-1 regulation by direct protein-protein interactions with co-regulatory proteins
Dynamic and direct protein-protein interactions with co-regulatory proteins display the most
important molecular mechanisms fine-tuning LRH-1 activity. NR co-activators are non-DNA
binding proteins that are recruited to chromatin-interacting transcription factors increasing
their potential to induce target gene expression. Co-activators either bridge NRs to the basic
transcriptional machinery or aid the recruitment of secondary co-activators with chromatin
modifying functions that set DNA accessibility permissive for transcriptional activation
(Johnson and O'Malley, 2012). For instance, CREB-binding protein (CBP, Nadolny and Dong,
2015) and three members of the SRC family (steroid receptor co-activator; SRC1, SRC2, and
SRC3) are well described co-activators directly binding to the LBD of LRH-1 (Xu et al., 2004).
In a promoter-specific manner, these co-factors strongly potentiate the transcriptional activity
of LRH-1 by orchestrating the recruitment of secondary co-activators.
Apart from classic NR co-activators, LRH-1 cooperates with other transcription factors to
induce common target gene expression. The best described example in this context is the
interaction of LRH-1 with β-catenin in intestinal crypt cells (Botrugno et al., 2004). Interestingly,
binding to β-catenin involves a unique region within in the LBD of LRH-1 that is distinct from
AF-2 and facilitates the reciprocal, synergistic induction of individual target genes involved in
cell cycle regulation (see. 1.1.4). LRH-1 was further shown to act as a competence factor for
LXRs and the farnesoid X receptor (FXR) potentiating the expression of several of their target
genes (Lu et al., 2000b, Luo et al., 2001, Matsukuma et al., 2007, Back et al., 2013, Chong et
al., 2010). Similarly, pancreas transcription factor 1-L (PTF1-L) and LRH-1 are co-expressed
and cooperatively regulate target gene expression in the pancreas (Holmstrom et al., 2011).
Transrepression of LRH-1 target genes is mainly achieved by interaction of LRH-1 with corepressors that inhibit its transcriptional activity, in most cases predominantly by preventing
the binding of co-activator proteins. The two closely related, atypical NRs SHP (NR0B2) and
DAX1 (NR0B1) are the so far best described LRH-1 co-repressors. Themselves lacking a
functional DBD, these orphan NRs act as pleiotropic regulators of diverse biological pathways
by interacting and thus inhibiting the action of many other nuclear hormone receptors including
also SF-1, FXR, PPARs, ERs and the GR (Zhang et al., 2011a, Lalli, 2014). Both, SHP and DAX1,
interact with the AF2 of the LRH-1 LBD and thereby compete with the binding of co-activator
proteins (Lee and Moore, 2002, Ortlund et al., 2005, Sablin et al., 2008, Suzuki et al., 2003).
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They for example repress LRH-1 activity by preventing the interaction of LRH-1 with PGC-1α
in the liver (Shin and Osborne, 2008), respectively granulosa cells (Yazawa et al., 2010).
Mechanistically reducing the transcriptional activity of LRH-1 in a highly similar fashion, they
most probably have analogous but life-stage and tissue-dependent repressive functions:
Whereas SHP is highly enriched and overlaps with LRH-1 expression in enterohepatic tissues
(Lee and Moore, 2002), DAX1 and LRH-1 are mainly co-expressed in embryonic stem cells
and steroidogenic tissues (Stein and Schoonjans, 2015). Importantly, SHP is not only a
negative regulator but also a direct transcriptional target gene of LRH-1, thus providing a loop
of negative feedback regulation reciprocally preventing their excessive activation (Lu et al.,
2000b, Goodwin et al., 2000).
Even though not mediated by a direct protein interaction, LRH-1 was also shown to be
repressed by SMRT (silencing mediator for retinoic acid receptor and thyroid hormone
receptor, NCoR2). Like its close homolog NCoR1, SMRT is associated with histone
deacetylases (HDACs) that lead to silencing of LRH-1 target genes (Xu et al., 2003, Jones and
Shi, 2003). Being supportive of a therefore proposed role of LRH-1 in epigenetic remodeling,
apart from NCoR repressor complexes, also SHP directs chromatin remodeling complexes to
LRH-1 target gene promoters. As for example, SHP-mediated recruitment of the NADdependent deacetylase Sirtuin 1 (silent mating type information regulation 2 homolog 1) leads
to template-dependent histone H3 and H4 deacetylation and thus transrepression of LRH-1regulated genes (Chanda et al., 2010). Likewise, SHP was shown to directly interact with the
histone methyltransferase G9a that catalyzes histone 3 lysine 9 methylation, an important
silencing mark in euchromatic DNA regions (Tachibana et al., 2002, Fang et al., 2007).
Of interest, co-precipitation revealed that LRH-1 binds to the p65 and p50 subunits of NF-κB
(nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells) as well as the c-Jun subunit
of AP-1 (activator protein 1). Both, NF-κB and AP-1, are themselves transcription factors that
are known for cooperatively mediating inflammatory responses (Liu et al., 2017, Ji et al., 2019).
Upon TNF-mediated activation, both pro-inflammatory transcription factors were not only
shown to physically interact with LRH-1 but also serve as direct co-repressors to suppress
LRH-1 activity during chronic colitis (Huang et al., 2014).
Noteworthy in reference to the newly discovered interaction of LRH-1 with the GR, LRH-1 thus
not only physically interacts with classic NR co-activators and -repressors but also multiple
other transcription factors. Especially relevant examples are its inhibitory interactions with AP1 and NF-κB that similarly act as potent suppressors of GR-mediated gene transcription (see
Chapter 1.4.3 and Chapter III). In conclusion, basal LRH-1 activity is primarily fine-tuned by
interactions with diverse co-factors that are often closely dependent or interconnected
to additional regulatory post-translational modifications.

1.1.4 LRH-1 functions in physiological processes
Transcriptionally controlling a plethora of target genes, LRH-1 has critical functions in several
aspects of life. Among others, LRH-1 regulates developmental, reproductive, metabolic,
immunoregulatory as well as proliferative processes in a life-stage and tissue-specific manner.
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Embryonic development and female reproduction
Like other members of the Ftz-F1 subfamily, LRH-1 exhibits critical effector functions during
embryogenesis regulating early developmental and differentiation processes. Being
abundantly expressed in embryonic stem cells (Galarneau et al., 1996), LRH-1 was shown to
play a pivotal role in control of embryonic stem cell (ESC) pluripotency. During the epiblast
stage, LRH-1 maintains transcription of the pluripotency factor octamer-binding transcription
factor 4 (Oct-4) (Gu et al., 2005) and can even substitute Oct-4 during generation of induced
pluripotent stem cells (Heng et al., 2010). Under the control of β-catenin and Tcf3, LRH-1 in
addition to Oct-4 induces expression of Nanog, another essential factor controlling ESC
proliferation and self-renewal during early embryonic development (Wagner et al., 2010).
Later during embryonic development (E9.5), LRH-1 is expressed in endodermal tissues where
it controls transcription of early enterohepatic target genes. It thus essentially contributes to
differentiation of the endoderm into hepatic, intestinal and endocrine and exocrine pancreatic
tissues (Rausa et al., 1999). Embryonic lethality before day (E)6.5-7.5 of mice with a
homozygous deletion of LRH-1 especially emphasizes its critical role in developmental
processes (Pare et al., 2004). Applying 3d2, a small molecule LRH-1 antagonist also used for
the experiments of this thesis and detailly described in Chapter II, a recent study could clarify
the roles of LRH-1 during multiple stages of liver and pancreas morphogenesis (Nissim et al.,
2016).
In a stage- and cell-type-specific manner, LRH-1 is, moreover, abundantly expressed in ovarian
structures where it governs several aspects which are crucial for female reproduction including
ovarian follicle maturation (Bertolin et al., 2014), ovulation (Duggavathi et al., 2008, Bianco et
al., 2019) as well as pregnancy (Zhang et al., 2013, Brosens et al., 2013). Of special importance
in this context, ovarian LRH-1 critically contributes to steroid hormone biosynthesis from the
precursor cholesterol. It not only activates transcription of the scavenger receptor class B type
I (SR-BI) that delivers cholesterol to steroidogenic tissues (Schoonjans et al., 2002) but further
controls transcription of certain steroidogenic enzymes (Peng et al., 2003, Fayard et al., 2004).
Taken together, LRH-1 plays a key regulatory role in female reproduction controlling several
events of the estrous cycle in the ovaries. In addition, LRH-1 is indispensable for embryonic
development by maintaining ESC pluripotency as well as guiding endodermal differentiation
processes. Only from day E17.5, LRH-1 displays its typical adult expression profile with
persistent high abundance, apart from the ovaries, confined to the liver, exocrine pancreas,
intestinal epithelium crypt cells and stomach epithelium (Rausa et al., 1999). In these tissues,
LRH-1 predominantly contributes to regulation of metabolic processes that are essential for
maintaining health and homeostasis in adult organisms.

Metabolism – Cholesterol and bile acid homeostasis
Cholesterol is important for diverse cellular functions throughout life, serving for example as
the precursor of cell membranes, steroid hormones, vitamins and bile acids (BA). In addition
to ovarian structures, LRH-1 regulates the expression of SR-BI also in the liver, thus mediating
selective cholesterol uptake from high-density lipoproteins (HDL) by hepatocytes (Schoonjans
et al., 2002). It further contributes to transport of cholesterol from peripheral tissues to the liver,
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by regulating the expression of HDL structural components (Delerive et al., 2004, Venteclef et
al., 2008) and remodeling enzymes (Luo et al., 2001). Thus, LRH-1 is a key regulator of reverse
cholesterol transport - the removal of excess cholesterol from the periphery by transport to
and uptake by the liver. Moreover, expression of NPC1L1 (Niemann-Pick C1-like 1) and the
ATP-binding cassette (ABC) transporters ABCG5 and ABCG8, which are important for
cholesterol reabsorption in the liver resp. intestine as well as biliary excretion, is regulated by
LRH-1 (Freeman et al., 2004). In fact, conversion of cholesterol to bile acids as well as bile
secretion are the principal pathway for cholesterol removal and thus among the most
important liver functions. Also cytochrome P450 (CYP) enzymes that catalyze key steps in
bile acid synthesis and determine bile acid composition, are transcriptionally regulated by
LRH-1. It further contributes to regulation of systemic bile acid homeostasis by
influencing the expression of apical sodium-dependent BA transporter (ASBT),
which mediates the reabsorption of bile acids in the intestine (Chen et al., 2003). In
addition, Holmstrom et al. discovered that LRH-1 controls production and secretion of the
pancreatic digestive fluid in cooperation with PTF1-L (Holmstrom et al., 2011).
Taken together, cumulative evidence from multiple studies emphasizes that LRH-1 plays a
systemic, key regulatory role in cholesterol as well as bile acid metabolism and homeostasis.
Besides, LRH-1 was shown to have important functions in cellular energy metabolism
controlling glucose sensing, uptake and metabolism, fatty acid beta-oxidation (FAO) as well as
glutaminolysis. Since all these pathways have been implicated in the metabolic reprogramming
observed in cancer, they have been described in detail in Chapter II/3.1.1.

Intestinal Proliferation & Steroidogenesis
In recent years, independent research groups uncovered a crucial role of LRH-1 in the intestine
where it is predominantly expressed in proliferating stem cells located at the base of intestinal
crypts (Botrugno et al., 2004). Displaying coinciding expression patterns and physical
interaction, LRH-1 and β-catenin cooperatively promote proliferation in these cells by
enhancing levels of cell cycle regulators involved in G1/S transition. Whereas β-catenin
potentiates the transcriptional activity of LRH-1 on the cyclin D1 promoter, LRH-1 acts as a
tissue-specific competence factor of β-catenin on the cyclin E1 and c-Myc promoter (Botrugno
et al., 2004). Apart from ensuring the constant renewal and thus barrier integrity of the intestinal
epithelium, LRH-1 contributes to intestinal homeostasis by regulating the local synthesis of
glucocorticoids (GC). Described in detail in Chapter 1.4, GCs are a class of steroid hormones
with important functions during lymphocyte development and regulation of immune responses
(Vacchio et al., 1996, Vacchio and Ashwell, 2000). Even though mostly being synthesized and
secreted by the adrenal cortex (Barnes, 1998), numerous extra-adrenal GC sources have been
identified in the past two decades as recently reviewed by Phan and Merk et al.. While SF-1 is
the main driver of adrenal GC synthesis, LRH-1 controls production of intestinal GCs by directly
regulating the local expression of the steroidogenic cytochrome P450 enzymes Cyp11a1 and
Cyp11b1 in mice (Mueller et al., 2006, Mueller et al., 2007). Accordingly, a correlation between
LRH-1 and expression of target genes encoding for corresponding human steroidogenic
enzymes could be observed in ileal and colonic human tissue biopsies (Ahmed et al., 2019b).
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This provides a first functional link between LRH-1 and the GR, as these locally and LRH-1dependently produced GCs exert their immunosuppressive function by activating the GR in
tissue-resident immune effector cells (see Chapter 1.4.2).
By simultaneously controlling not only renewal but also apoptosis resistance of intestinal
epithelial cells (IECs) and local GC production, LRH-1 critically contributes to intestinal barrier
integrity and homeostasis via several, distinct mechanisms (Bayrer et al., 2018, Mueller et al.,
2006, Botrugno et al., 2004).

1.1.5 LRH-1 in disease and as a therapeutic target
Since a deregulation of all its physiological functions are hallmarks and essential for the
development of cancer, LRH-1 has been proposed to be a potential oncogene and lately
attracted increased scientific attention in the field of cancer research. By now even serving as
a prognostic marker, LRH-1 overexpression and participation has been shown for a variety of
human solid tumors. Promoting proliferation, metabolic reprogramming, immune evasion and
apoptosis resistance of cancer cells, it was suggested that LRH-1 is an interesting therapeutic
target in the treatment of different malignancies (Nadolny and Dong, 2015). Accordingly, two
synthetic small molecules, termed 3d2 (Benod et al., 2013) and SR1848 (Corzo et al., 2015),
were shown to potently inhibit LRH-1 activity and proliferation of tumor cells in vitro. Oncogenic
LRH-1 functions as well as synthetic LRH-1 antagonists and their potential in cancer therapy
are extensively reviewed in Chapter II/4 (Michalek and Brunner, 2020).
At the same time, also specific activation of LRH-1 was shown to be of therapeutic benefit in
other pathologies. Due to its essential function as a metabolite sensor regulating pancreatic
and hepatic enzyme expression, LRH-1 has been implicated in metabolic diseases such as
non-alcoholic fatty liver disease (NAFLD, reviewed by Zerlotin et al., 2021). Clinically, a
significant reduction in LRH-1 was discovered by genomic expression profiling in NAFLD
patients (Sahini and Borlak, 2016). Experimental studies accordingly discovered that systemic
or liver-specific heterozygous LRH-1 deficiency decreases expression of hepatic lipogenic
genes and consequently result in steatosis (Xu et al., 2010, Miranda et al., 2018). Moreover,
LRH-1 shown to be critical and targetable for resolution of endoplasmic reticulum (ER) stress
(Mamrosh et al., 2014), a process that is often impaired in acute and chronic liver diseases
including NAFLD (Lee et al., 2017).
Emphasizing the potential in targeting LRH-1 for the treatment of NAFLD, the synthetic
phospholipid DLPC exhibits potent LRH-1-dependent lipotropic effects and protects mice from
hepatic steatosis. In the same study, the group of David Moore could, moreover, demonstrate
that DLPC improves glucose homeostasis in genetic and dietary mouse models of insulin
resistance (Lee et al., 2011). Apart from restoring glycemic control, the antidiabetic effects of
LRH-1 activation primarily rely on its anti-inflammatory properties inducing expression of
enzymes involved in GC biosynthesis and thus facilitating beta cell survival as well as
regeneration (Baquie et al., 2011, Mellado-Gil et al., 2012). Promisingly, the small molecule
LRH-1 agonist BL001 protects murine as well as human pancreatic islet cells from apoptosis,
preventing diabetes development and, moreover, promotes regeneration of pancreatic islets
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of diabetes patients (Cobo-Vuilleumier et al., 2018b, Cobo-Vuilleumier and Gauthier, 2020,
Cobo-Vuilleumier et al., 2018a).
Shortly after the discovery that LRH-1 regulates extra-adrenal GC synthesis (Chapter 1.1.4),
Coste et al. were the first to link altered LRH-1-mediated transcription of intestinal steroidogenic
enzymes to chronic disruptive mucosal inflammation as observed in inflammatory bowel
disease (IBD). They showed that heterozygous deletion of LRH-1 (LRH-1+/-) impairs intestinal
expression of Cyp11a1 and Cyp11b1 and hence lowers the local GC production in mice. This
consequently increased neutrophilic infiltration and tissue damage in LRH-1+/- animals during
TNBS or DSS-induced colitis. Accordingly, reduced expression of LRH-1 and its steroidogenic
target genes were detected in colonic biopsies of human patients suffering from Crohn’s
disease and ulcerative colitis (Coste et al., 2007). As defective intestinal GC synthesis likely
contributes to chronic intestinal inflammation, it was speculated that LRH-1-based therapies
using for example DLPC might be a promising approach to treat IBD patients (Ahmed et al.,
2019b). Particularly promising in this regard, the novel pharmacological LRH-1 agonist 6N
exhibits potent anti-inflammatory properties in humanized LRH-1 mouse intestinal organoids
by inducing LRH-1-controlled expression of steroidogenic enzymes and hence intestinal
epithelial GC synthesis (Mays et al., 2019).

1.1.6 Role of LRH-1 in the immune system
Likely due to minimal expression levels in primary and secondary lymphoid organs as for
example demonstrated by systemic NR expression profiling (Bookout et al., 2006, Uhlén et al.,
2015), a possible function of LRH-1 in cells of the hematopoietic system has long been fairly
neglected.
The first discovery of LRH-1 protein expression in cells of the hematopoietic system was made
by Benod et al. (2011), who coincidentally detected LRH-1-specific immunostaining of
pancreatic tumor infiltrating lymphocytes. A critical function of LRH-1 in hematopoietic cells
was first reported by Lefevre et al. (2015). They not only showed that LRH-1 is expressed and
induced by IL-13 in alternatively activated macrophages, but further critically contributes to
their polarization and anti-inflammatory responses by transcriptional controlling PPARγ ligand
synthesis. Recent studies from our group support and extend initial findings, by confirming
expression, function as well as pharmacological targetability of LRH-1 not only in macrophages
but also T cells. Directly regulating expression of Fas (CD95) ligand (FasL, CD95L), LRH-1 was
shown to be critical for T cell effector functions including cytotoxicity and activation-induced
cell death (Schwaderer et al., 2017; also see 1.2.2) and is, moreover, important for proinflammatory cytokine production in macrophages (Schwaderer et al., 2020).
Complementing these few publications suggesting a functional implication of LRH-1 in the
hematopoietic system, the publications presented in Chapter I and III of this thesis describe
LRH-1 expression as well as implication in development and/or function in healthy respectively
leukemic T cells.
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1.2

T cells: development, activation and function

The adaptive immune system is composed of highly specialized B and T cells that cooperatively
recognize, remember and eliminate specific pathogens as well as damaged cells. Both
lymphocyte subsets are activated by the selective engagement of their B respectively T cell
receptor (BCR; TCR) with foreign antigens (Murphy and Weaver, 2016). Producing and
secreting antibodies into the blood and body fluids, B cells are critical mediators of humoral
immune responses, whereas T cells are responsible for cell-mediated adaptive immune
responses (Alberts et al., 2014). The ability of T cells to distinguish between dysfunctional and
healthy cells is acquired during intra-thymic development, as depicted in Figure 4.

1.2.1 T cell development
First, hematopoietic stem cell-derived lymphoid progenitors migrate from the bone marrow to
the thymus. These early committed T cells locate to the thymic cortex and lack expression of
CD4 as well as CD8 and are hence referred to as double negative (DN).

Figure 4 T cell development in the thymus
After migration from the bone marrow to the thymus, committed lymphoid progenitors undergo several maturation
steps. As detailed in the text, these developmental stages can phenotypically be characterized by the sequential
expression of CD44, CD25, CD4 and/or CD8. Two subsets of self-tolerant T lymphocytes develop from CD4+CD8+
double positive (DP) thymocytes by several selection steps that require appropriate interaction of the T cell
receptor (TCR) with self-antigens presented on major histocompatibility complex (MHC) molecules expressed by
cortical epithelial cells (death by neglect) and medullary dendritic cells (negative/positive selection). Expression of
TCRs that associate with MHC class I complexes results in development of cytotoxic CD8+ T cells, while
thymocytes expressing TCRs interacting with MHC-class II ligands become CD4+ T helper cells. Finally, both T cell
subsets are exported from the thymic medulla into the periphery. DN: double negative. (created with
BioRender.com and in terms of content adapted from Germain (2002))
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According to the sequential expression of CD25 and CD44, immature double negative T cells
can be further subdivided into four stages of differentiation: DN1, CD44+CD25−; DN2,
CD44+CD25+; DN3, CD44−CD25+; and DN4, CD44−CD25− (Godfrey et al., 1993). As reviewed
by Ronald Germain (2002), these developmental stages further entail expression and V(D)Jrearrangement of the TCR α- and β-chains. Transition of DN4 thymocytes into a double positive
(DP) stage includes massive proliferation as well as upregulated expression of the major
histocompatibility complex (MHC) binding proteins CD4 and CD8 (Swain, 1983). Aiming for the
successful selection of adequately reactive T cells, CD4+CD8+ thymocytes interact with cortical
thymic epithelial cells (TECs) that present self-antigens on cell surface MHC class I and II
molecules. Lack or low affinity of their TCR for self-peptide MHCs elicits “death by neglect”, so
apoptosis induction due to absence of survival signals. Vice versa, DP thymocytes expressing
TCR molecules with a very strong affinity for self-ligands are eliminated by acute apoptosis
induction. This so-called “negative selection” of auto-reactive and thus possibly harmful T cells
occurs primarily in the thymic medulla, where at this stage CD8- or CD4-committed DP
thymocytes interact with epithelial but in particular self-antigen presenting dendritic cells (DCs)
(reviewed by Klein et al., 2014). Thus, only thymocytes expressing TCRs with intermediate,
appropriate affinity for self-antigens receive survival but not cell-death inducing signals and will
undergo effective maturation.
This so-called “positive selection” process ultimately results in the differentiation of self-tolerant
either CD4 or CD8 single positive thymocytes (Hogquist et al., 1994). While thymocytes
expressing TCRs that preferentially engage with MHC class I complexes become cytotoxic
CD8+ T cells, expression of TCRs interacting with MHC-class II ligands results in the
development of CD4+ T helper cells (Singer and Bosselut, 2004). After encountering medullary
TECs and DCs and integral establishment of central tolerance, finally, both mature T cell
subsets are exported from the thymic medulla and exported into the periphery (Klein et al.,
2009).

1.2.2 Mature T cells: activation and homeostasis
After thymic maturation, most T cells reside in secondary lymphoid organs such as the spleen
and lymph nodes that are also the primary place of lymphocyte activation. Within the white
pulp of the spleen T lymphocytes are located in periarteriolar lymphoid sheaths (PALS). They
are structurally separated from other splenic immune cells, namely B cells and macrophages
that reside in adjacent B cell follicles, respectively the marginal zone which surrounds T and B
lymphocyte enriched compartments (see Results Chapter I, Figure 1; Nolte et al., 2000).
Distributed along the lymphatic vessels, the structure and function of lymph nodes is generally
similar to that of splenic white pulps (Willard-Mack, 2006).
An adaptive immune response is typically elicited when specialized antigen-presenting cells
(APC) such as DCs, capture and process foreign antigens in the periphery and migrate to
secondary lymphoid organs. The following activation of naïve T cells requires the specific
recognition and binding of the TCR together with CD4 or CD8 co-receptors to antigen-ligated
MHC molecules on APCs (Hwang et al., 2020). As detailed in Figure 5, these extracellular
stimulatory signals are subsequently converted into intracellular biochemical signals. Following
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phosphorylation of intracellular TCR components by the lymphocyte-specific protein tyrosine
kinase LCK, several signaling pathways are induced that include activation of the MAPK
(mitogen-activated protein kinase) cascade, protein kinase C (PKC-θ) and an increase of
intracellular calcium ions (Ca2+). Further downstream phosphorylation events and Ca2+ fluxmediated signaling in turn promote the transcriptional activity of AP-1, NF-κB and NFAT
(nuclear factor of activated T cells) (Morris and Allen, 2012). Mimicking these intracellular
signaling cascades, T lymphocytes can be experimentally activated applying for example
ionomycin, an ionophore that enhances intracellular Ca2+ (Chatila et al., 1989), or the PKC
activator PMA (Boneh et al., 1989). Ultimately, induction of these transcription factors results
in the expression of genes regulating T cell activation, proliferation, survival, differentiation and
thus effector functions as well as homeostasis (Smith-Garvin et al., 2009).

Figure 5 TCR Signaling and T cell activation
Activation of the TCR via interaction with peptide-ligated MHC in cooperation with the co-receptor CD4 or CD8
translates into several intracellular signaling pathways that start with phosphorylation of the ζ subunit of the TCRassociated CD3 complex via the protein tyrosine kinase LCK (blue). This phosphorylation results in the recruitment
of ZAP70 to the TCR-CD3 complex, which in turn phosphorylates the transmembrane adapter molecule LAT.
Together with SLP76, LAT serves as an adaptor/scaffolding platform that coordinates activation of several signaling
pathways. Catalyzing the hydrolysis of PIP2, activated phospholipase Cγ1 (PLCγ1) generates the second
messengers DAG and IP3. This elicits the Ras-Raf-MEK-ERK cascade and hence activator protein-1 signaling
(green) and promotes NF-κB signaling by activation of PKC-θ (red). Enhanced intracellular Ca2+ concentrations
lead to activation of calcineurin which promotes NFAT signaling (yellow). Indicated with red arrows, the ionophore
ionomycin or the PKC-θ activator phorbol myristate acetate (PMA) can be used to activate T cells experimentally.
Ca2+: calcium ions; CRAC: calcium release activated channel; DAG: diacylglycerol; ER: endoplasmic reticulum;
ERK: extracellular signal-regulated kinase; IP3: inositol (1,4,5)-trisphosphate; LAT: linker of activated T cells; MHC:
major histocompatibility complex; NFAT: nuclear factor of activated T cells; NF-κB: nuclear factor κB; PIP2:
phosphatidyl inositol (4,5)-bisphosphate; PLCγ: phospholipase Cγ; RasGRP: Ras guanyl–releasing protein 1; SLP76: SH2 domain containing leukocyte protein of 76kDa; STIM: stromal interaction molecules; TCR: T cell receptor.
ZAP70: ζ-chain associated protein kinase 70. (adapted from Morris and Allen, 2012)
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Since specific T cell populations massively expand at the onset of immune responses, several
homeostatic mechanisms subsequently ensure the effective elimination of most effector cells
to restore the strikingly stable total numbers of mature T cells that can be observed in adult
organisms (Kumar et al., 2018). Activation-induced cell death, so apoptosis induction upon
restimulation of antigen-activated T cells in absence of adequate co-stimulatory signals, is one
example for homeostatic T cell deletion. This process requires the rapid upregulation of FasL
that either interacts with the Fas receptor in a cell-autonomous manner (AICD) or on
neighboring cells (Brunner et al., 1995). Directly linking LRH-1 to T cell homeostasis, AICD is
impaired upon its pharmacological inhibition, since LRH-1 controls FasL expression also in this
context (Schwaderer et al., 2017).
In contrast to the above-described rapid expansion of T cells upon encounter of foreign
antigens, naïve T lymphocytes can also undergo homeostatic proliferation in response to lowaffinity interactions with self-peptide loaded MHC molecules. Homeostatic T cell expansion is
polyclonal, proceeds comparably slow and does not involve upregulation of acute activation
markers such as CD25 and CD69. (Kieper and Jameson, 1999). Probably being immaterial
under normal conditions, homeostatic proliferation is thought to restore T cell deficiency and
to thus have critical physiological relevance in case of lymphopenia resulting e.g. from
therapeutic interventions or virus infections (Min, 2018).

1.2.3 T cell functions
Depending on expression of cell surface glycoprotein co-receptors and according to their
functions, mature T cells can be broadly categorized in MHC-I molecule recognizing CD8+
cytotoxic T cells and MHC-II affine CD4+ T helper (TH) cells. Upon encountering specific
antigens typically derived from exogenous sources, T helper cells clonally expand and
differentiate into further functional subclasses depending on the cytokine environment. Among
others these include TH1, TH2, TH17 and regulatory T cells (Luckheeram et al., 2012). In
simplified terms, CD4+ T helper cells assist in the activation of B cells, cytotoxic T cells, and
macrophages and further support distinct immune responses by secretion of unique cytokine
profiles (Zhou et al., 2009). Mainly secreting IL-2, TNF and interferon γ (IFNγ), TH1 cells aid
cellular immune responses, while IL-4, IL-5 and IL-13 producing TH2 cells provide help for B
cell-mediated antibody secretion (Raphael et al., 2015). In contrast, regulatory T cells (Tregs),
suppress resp. terminate T cell-mediated immune responses, promote tissue healing and
establish self-tolerance by repressing autoreactive T cells that escaped thymic selection
processes. Phenotypically Treg subsets can either have thymic or peripheral origin and reside
in lymphoid organs or are tissue resident. Nevertheless, all Tregs express the intracellular
transcription factor FoxP3, which is the most specific marker for their identification (Sharma
and Rudra, 2018).
The effective elimination of virus-infected, defective or malignant cells is executed by cytotoxic
effector lymphocytes. These differentiate from naïve resting CD8+ cells that recognize and are
activated by MHC class I-associated “altered self” antigens that are derived from intracellular
proteins, such as virus components or tumor-specific peptides (Zinkernagel and Doherty,
1974). CD8+ T cells exert their cytotoxic effector functions by releasing granzyme- and perforin-
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containing cytotoxic granules in a polarized manner. Moreover, CD8+ effector cells commonly
express FasL that engages with the Fas receptor on target cells. Therefore, cytotoxic T cells
identify and kill target cells with intriguing precision while sparing healthy cells. Protective
immunity following immune responses triggered by vaccinations or infections is achieved by
the establishment of long-term CD8+ and CD4+ memory T as well as well as B lymphocytes.
Upon restimulation with the same antigen, these memory cells enable the adaptive immune
system to respond and fight invading pathogens much faster (Janeway, 2001).

1.3

Hematopoietic cancer: T cell acute lymphoblastic leukemia

Acute lymphoblastic leukemia (ALL) comprises a group of highly aggressive, heterogenous
hematopoietic cancers that develops in both children and adults. With, however, 60% of newly
diagnosed patients being younger than 20 years, ALL is the most common pediatric
malignancy. It makes up roughly 25% of annual cancer diagnosis in children, with a peak age
incidence of one to four years (Malard and Mohty, 2020). Based on the type of lymphocytes
affected, ALL can be classified into B cell or T cell acute lymphoblastic leukemia (B-ALL/TALL). Since this thesis addresses the role of LRH-1 in healthy and malignant T cells, the
following introduction will focus on relevant characteristics of T-ALL. Representing 15%-25%
of ALL cases, T-ALL originates from the malignant transformation of T cell progenitor cells
during the DN and DP stages of intrathymic differentiation (Cordo' et al., 2021).

1.3.1 Etiology and clinical manifestation
According to the leukemia cell maturational stage and associated genetic alterations, T-ALL
can be clustered in different subclasses such as high-risk early T cell precursor T-ALL (ETP),
that arises from transformation of DN1 thymocytes (Coustan-Smith et al., 2009). Integrated
genomic analysis identified over 100 putative genes that drive leukemogenesis in individual TALL patients. It was proposed that T-ALL initiating genetic alterations, especially chromosomal
rearrangements, result in deregulation of genes coding for (hematopoietic) transcriptional
regulators including: TAL1, TLX1, TLX3, LMO1, LMO2, LYL1, HOXA, MYB, MYC, BCL11B,
RUNX1, ETV6 and GATA3 (Mullighan, 2012). These favor the sequential acquisition of diverse
secondary mutations that ultimately lead to full transformation of immature T cell progenitors.
These T-ALL cells display arrested differentiation, improved survival, reprogrammed
metabolism, altered homing properties and enhanced self-renewal capacity. The consequent
uncontrolled proliferation and accumulation of such leukemic T cells interferes with normal
hematopoiesis, which leads to a functional insufficiency of the blood and immune system (Raetz
and Teachey, 2016). Observed in 65-70% of cases, activating mutations in NOTCH1 (Weng et
al., 2004) and deletions of the tumor-suppressive cell cycle regulators CDKN2A/CDKN2B
(Hebert et al., 1994) are particularly recurrent lesions in T-ALL. Occasionally, also activating
fusions of the tyrosine kinase gene ABL1 with BCR or NUP214 are detected in T-ALL that are
equivalent to genetic lesions typical for B-ALL and chronic myeloid leukemia (Van Limbergen
et al., 2001, Graux et al., 2004). As reviewed by Girardi et al. (2017), other common genetic
alterations contribute to activation of IL-7/JAK/STAT, PI3K/Akt/mTOR and Ras/MAPK signaling
pathways (65% of cases) or disturb epigenetic factors in T-ALL.
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However and in contrast to ALL originating from the B cell lineage (B-ALL), T-ALL up to date
lacks a clear concurrent genetic classification with clinically prognostic factors and risk
assessment (Inaba and Pui, 2021).

1.3.2 Current treatment approaches, limitations and future prospects
Despite the high interpatient heterogeneity, the 5-year event-free survival of T-ALL patients
has been steadily improving and increased to over 85% (Raetz and Teachey, 2016). Especially
novel diagnostic tools, enhanced treatment efficacy and dosage adjustment of conventional
chemotherapeutic agents as well as optimized supportive care significantly contributed to this
positive trend. The established standard multi-agent chemotherapy implicates antimetabolites,
mitotic and topoisomerase inhibitors, genotoxic alkylating agents and GCs (Pui and Evans,
2006). Given in four distinct phases (induction, consolidation, intensification and maintenance)
that differ in length, composition and intensity, T-ALL chemotherapy aims for lasting remission
– meaning the (near) absence of leukemia cells and restoration of normal blood count levels
(Inaba and Pui, 2021). By simultaneously inhibiting growth promoting signals, inducing DNA
damage and cellular stress, this harsh treatment regimen prevents augmentation and ultimately
eliminates rapidly dividing leukemia cells. The therapeutic benefit of intensified chemotherapy
is, however, severely limited by the toxic adverse effects on normal, rapidly dividing and thus
anti-mitotic drug sensitive cells (Inaba and Pui, 2021). In addition, relapse observed in 20% of
pediatric and 40% of adult patients remains a key challenge in T-ALL therapy as it is often
concomitant with chemotherapy resistance and hence dismal/lethal prognosis (Cordo' et al.,
2021). Interestingly, the overall clinical outcome and responsiveness towards conventional
chemotherapy can be predicted by the initial response of T-ALL patients to GCs (Pui and
Evans, 2006, Pui and Evans, 2013). Since synthetic GCs like prednisolone or dexamethasone
have been a mainstay of T-ALL therapy for many decades, the frequent occurrence of GC
resistance offers a major therapeutic pitfall and hence novel treatment approaches aim to
circumvent or revert GC resistance (Chapter 1.4.3 & 1.4.4). Posing another serious problem,
long-term GC application is commonly associated with detrimental side effects. These range
from hypertension, weight gain, diabetes, osteoporosis, muscle atrophy, growth delay to
depression and heavily impair the patients’ quality of life (Oray et al., 2016).
Recent improvements in the genetic characterization of T-ALL led to the identification of
targetable molecular lesions and development of innovative treatment strategies (Lato et al.,
2021). Especially agents that selectively target aberrant pro-proliferative and pro-survival
signaling pathways have shown promising therapeutic effects in specific subgroups of T-ALL
patients in clinical trials (Cordo' et al., 2021). Furthermore, advanced immune-and cellulartherapy approaches are currently developed and under clinical investigation (Inaba and Pui,
2021). Enhancing the efficacy of standard chemotherapeutics, tyrosine kinase and proteasome
inhibitors such as Imatinib and Bortezomib, are meanwhile even approved and used as part of
multi-drug T-ALL therapy approaches (Tanasi et al., 2019, Horton et al., 2019). Directed at
efficient, long-lasting remission and prevention of relapse, further research will, however, be
required to adapt classic treatment strategies, precisely targeted therapies, immunotherapies
and effective combinations to individual T-ALL patients
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1.4

Glucocorticoid sensitivity and resistance in leukemia

Glucocorticoids (GCs) are blood-circulating, stress-induced steroid hormones with
fundamental homeostatic functions. They essentially regulate a wide variety of essential
physiological processes including metabolic and immune homeostasis (Vegiopoulos and
Herzig, 2007, Cain and Cidlowski, 2017), development, growth and reproduction (Fowden and
Forhead, 2015, Donatti et al., 2011, Whirledge and Cidlowski, 2017) as well as cardiovascular
and neural functions (Nussinovitch et al., 2010, Farrell and O'Keane, 2016, Tatomir et al., 2014).
Under control of the HPA axis, the production of systemic, endocrine-acting GCs by the adrenal
cortex and release into the blood stream fluctuates with the circadian rhythm (So et al., 2009)
and is triggered by different stressors (Sapolsky et al., 2000). Active GCs, namely
corticosterone in rodents and cortisol in humans, are synthesized from the precursor
cholesterol in a multi-step process. This is regulated by the transcriptional control of CYP and
hydroxysteroid dehydrogenase (HSD) steroidogenic enzymes (Miller and Auchus, 2011). Apart
from the adrenals, thymic (Vacchio et al., 1994), intestinal (Cima et al., 2004) and skin (Phan et
al., 2021) epithelial cells but also other tissues (Phan et al., 2019) express all the steroidogenic
enzymes required for de novo synthesis of GCs. Extra-adrenal GCs are mainly produced in
response to inflammatory stimuli and thought to act in a para- or autocrine manner to regulate
local immune responses and cell development (Kostadinova et al., 2012). Synthetic GCs like
prednisone/prednisolone or dexamethasone are structurally related to endogenous GCs and
have identical biological effects. They, however, display a greater GR binding affinity,
pharmacological potency and stability (Karssen and de Kloet, 2007).

1.4.1 Glucocorticoid receptor
GCs exert their biological functions by binding to the glucocorticoid receptor (GR, N3C1), a
transcription factor belonging to subclass 3C of the NR superfamily. The human GR was
actually one of the first NRs to be cloned (Hollenberg et al., 1985) and the GR gene, spanning
roughly 160 kb located on chromosome 5q31.3, comprises nine exons that generate multiple
GR variants. Alternative splicing of exon 9 generates the two most relevant human GRα
(777 aa, 97 kDa) and GRβ (742 aa, 94 kDa) isoforms that share sequence homology until aa
727 and differ only in the last residues of their C-terminal domain. Both proteins are expressed
ubiquitously and follow the common structural organization of NRs (see also Chapter 1.1.1).

GRα

Figure 6 Structure, functional domains and post-translational modifications of the GRα protein
Structural domains of the GRα protein and amino acid residues subjected to phosphorylation (black),
SUMOylation (green), ubiquitination (blue) and acetylation (orange). DBD: DNA binding domain; HR: hinge
region; K: lysine; LBD: ligand binding domain; NTD: N-terminal A/B domain; S: serine; T: threonine. (modified
from, Petta et al., 2016)
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The GRα isoform (Figure 6), for simplicity henceforth referred to as GR, represents the classic
ligand-regulated, functional transcription factor. Due to its truncated LBD, GRβ lacks the ability
to bind GCs and acts as a dominant negative regulator of GR (Bamberger et al., 1995). Multiple
other functionally distinct and physiologically less relevant GR isoforms are generated by
alternative splicing and translation initiation sites and are only expressed in specific tissues or
transformed cells (Lu and Cidlowski, 2005, de Lange et al., 2010).
Unlike LRH-1 but typical for class I steroid hormone-regulated receptors, GR activity is
primarily regulated by the presence and binding of endogenous or synthetic GCs that regulate
its subcellular localization and interaction with diverse co-factors. In absence of ligand, the GR
is sequestered in the cytosol as part of multimeric complexes composed of several heat shock
proteins (e.g. HSP90, HSP70 & HSP23) as well as immunophilins. Preventing its nuclear
translocation, interaction with these chaperone complexes simultaneously favors an open GR
confirmation and ligand binding (Pratt and Toft, 1997). Binding of GCs induces conformational
changes that lead to dissociation from repressive chaperone complexes, exposure of two NLS
and hence translocation of the GR to the nucleus. There it transactivates target gene
expression by binding to the DNA at canonical glucocorticoid REs (GRE) with the consensus
sequence AGAACAnnnTGTTCT as a homodimer or -tetramer (Luisi et al., 1991, Presman et
al., 2016). DNA binding causes structural rearrangements within the GR activation functions
that enable the recruitment of co-activators that enhance the accessibility of GR target gene
promoters for the basal transcriptional machinery. Similar to other NRs including LRH-1, typical
GR co-activators amongst others include SRC and p300/CBP bridging factors (Schaaf and
Cidlowski, 2002, Kino et al., 1999) as well as PGC-1α (Puigserver and Spiegelman, 2003).
The transcriptional activity of the GR is further fine-tuned by diverse post-translational
modifications (Figure 6) that apart from interaction with co-factors regulate its target promoter
specificity, subcellular localization and stability. Exclusively located in the NTD, the GR harbors
at least 8 phosphorylation sites that are modified by the p38 MAPK (Miller et al., 2005), c-Jun
N-terminal kinase (JNK) (JNK; Itoh et al., 2002), cyclin-dependent kinases (CDK; Kino et al.,
2007) and protein kinase B (Akt; Piovan et al., 2013). Except for serine 211 (S211),
phosphorylation mainly diminishes the transcription of GR target genes due to changes in
nucleocytoplasmic shuttling of the GR and its interaction with transcriptional co-activators
(Nicolaides et al., 2000). Resulting in proteasomal degradation, ubiquitination of the GR NTD
(K419, Figure 6) further diminishes the biological effects of GCs (Wallace and Cidlowski, 2001).
As reviewed by Nicolaides et al. (2000), acetylation and SUMOylation of multiple conserved
lysine residues modulate interactions of the GR with the DNA and co-regulatory proteins. These
post-translational modifications thus either enhance but predominantly repress the
transcriptional activity of the GR in a time-, cell- and promoter-specific manner.
The agonist-associated GR can further actively inhibit the transcription of certain GC-repressed
genes by binding to so-called negative GREs and recruitment of gene-silencing SMRT/NCoR
complexes (Surjit et al., 2011). Related to the immunosuppressive effects described in the
following chapter, GCs interfere with other signaling pathways by inducing direct proteinprotein interactions between specific transcription factors and the liganded GR that inhibit the
transcription rates of respective target genes. In addition, GCs exert their biological functions
via immediate non-genomic mechanisms which enhances their range of effects even further.
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Targeting cellular membranes or interacting with cytosolic and membrane-bound GRs, GCs
for instance rapidly induce kinase signaling, ROS (reactive oxygen species) generation and
changes in intracellular ion concentrations (Panettieri et al., 2019).

1.4.2 Effector functions of GCs in T cells
The best-known functions of GCs are undeniably their ability to suppress immune responses
and ameliorate inflammatory conditions. The essential role of endogenous GCs in
regulation/maintenance of immune homeostasis is emphasized by the observation that
adrenalectomized mice die from septic shock after T cell activation (Gonzalo et al., 1993).
Exogenous GCs hence have been among the globally most-prescribed drugs and mainstay
therapeutic choice to treat inflammatory, allergic and autoimmune diseases as well as
lymphoproliferative malignancies including leukemia (Overman et al., 2013).
Apart from the therapeutically exploited functions regulating lymphocyte-driven immune
responses, GCs play an essential role in T cell development. Groundbreaking research by the
group of Johnathan Ashwell showed that TECs locally synthesize active GCs that antagonize
the TCR-mediated cell death induction during negative selection of CD4+CD8+ thymocytes
(Taves et al., 2019, Vacchio et al., 1994). Thymocyte-specific GR knockout further revealed
that GC insensitivity during development results in a weakened TCR-repertoire and diminished
T cell effector functions as observed by the reduced responses to infections (Mittelstadt et al.,
2012, Lu et al., 2000a, Shimba et al., 2018). It was thus suggested that locally produced GCs
have key functions in antigen-specific T cell development and allow for the survival of positively
selected T lymphocytes (Taves and Ashwell, 2021). Interestingly GC-mediated antagonism of
negative selection seems to be primarily regulated by a direct interaction of the liganded GR
with Nur77 (NR4A1), an orphan NR that regulates immunometabolism and restricts T cell
activation as well as proliferation (Liebmann et al., 2018). Due to the consequent reciprocal
inhibition of both transcription factors, GCs counteract the pro-apoptotic functions of Nur77 in
response to TCR activation (Martens et al., 2005).
In contrast, GCs show potent anti-proliferative and cell death inducing effects in mature healthy
and especially malignant lymphoid cells. For one thing, GCs induce a G1 cell cycle arrest by
rapidly downregulating c-Myc and CDK4 (Dyczynski et al., 2018) , two proto-oncogenes that
are cooperatively acting key regulators of the G1/S transition of the cell cycle (Mateyak et al.,
1999). Even though the exact molecular mechanisms are still incompletely understood, GCmediated cytotoxicity evidently involves genomic as well as non-genomic signaling and is
suggested to primarily rely on induction of the intrinsic, mitochondrial apoptosis pathway which
is depicted in Figure 7. The extrinsic, death receptor-mediated as well as intrinsic apoptosis
pathways ultimately culminate in activation of caspases (as detailly described in Chapter II/3).
Their indispensability in executing cytotoxic effects of GCs was demonstrated by
pharmacological caspase inhibitors (Hughes and Cidlowski, 1998). A critical implication of the
mitochondrial apoptosis machinery was further supported by the observation that caspase 9
deficiency (Kuida et al., 1998) or overexpression of anti-apoptotic Bcl-2 (Memon et al., 1995)
reduces the GC sensitivity of T cells.
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Genomic mechanisms: GR-mediated gene activation and repression
Since GCs fail to induce apoptosis in the presence of actinomycin D or cycloheximide (Smith
and Cidlowski, 2010) and in lymphocytes that express an activation- or dimerization-deficient
GR (Ramdas and Harmon, 1998, Reichardt et al., 1998), it is assumed that lympholytic actions
of GCs require GR-mediated transcriptional upregulation of pro-apoptotic factors. In vivo
knockout studies revealed that the pro-apoptotic BH3-only proteins Puma but especially Bim
are indispensable for dexamethasone-induced cell death of primary murine lymphoid cells
(Bouillet et al., 1999, Erlacher et al., 2005). Similarly, microarray analyses confirmed GCmediated Bim upregulation in human primary leukemia samples and cell lines (Medh et al.,
2003, Schmidt et al., 2006, Tissing et al., 2007, Wang et al., 2003). It is generally assumed that
GCs indirectly promote Bim expression via upregulation of the transcription factor FOXO3a
(Dijkers et al., 2000, Ma et al., 2008), since only a recently identified intronic region but not the
Bim promoter comprises a GRE (Jing et al., 2015). Bim-mediated sequestering and
downregulation of the anti-apoptotic Bcl-2 protein eliminates cell death-preventing Bcl-2-Bak
interactions in response to GCs (Laane et al., 2007, Melarangi et al., 2012). Hence, Bim
activation promotes oligomerization and pore formation of the pro-apoptotic Bcl-2 effectors
Bax and Bak at outer mitochondrial membranes (Kim et al., 2009). Following the classic intrinsic
apoptotic signaling pathway, subsequent release of mitochondrial cytochrome C and Smac
(second mitochondria-derived activator of caspases) to the cytosol ultimately results in
induction of the caspase cascade and apoptosis execution (Laane et al., 2007).
Apart from Bim, the direct GR target gene GILZ (glucocorticoid-induced leucine zipper) seems
to be implicated in GC-induced cell cycle arrest and apoptosis of T lymphocytes. For instance,
T cell-specific overexpression of GILZ not only resulted in a generally reduced number of DP
thymocytes in a transgenic mouse model but also increased caspase signaling and apoptosis
rates in thymocytes (Delfino et al., 2004). Moreover, the BH3-only protein Noxa (Lynch et al.,
2010) and cytotoxicity factor granzyme A (Yamada et al., 2003) belong, amongst others, to GCresponsive genes that mediate GC-induced apoptosis. Interestingly, since the GR gene itself
contains a GRE, GCs can augment der biological effects by auto-regulatory promoting
expression of the GR (Geng et al., 2008). GR auto-induction generally correlates with GC
responsiveness of T lymphocytes (Purton et al., 2004) and is observed as well as essential
during GC-induced apoptosis of cells with overall low GR expression levels (Barrett et al., 1996,
Ramdas et al., 1999, Riml et al., 2004, Tissing et al., 2006).
The immunosuppressive functions of GCs can also be attributed to GR-mediated gene
repression – especially interference with NF-κB as well as AP-1 signal transduction cascades
(Petta et al., 2016). Both transcription factors are activated in T cells in response to
inflammatory stimuli and consequently promote the expression of pro-inflammatory cytokines,
chemokines, adhesion molecules, cell cycle regulators and anti-apoptotic survival factors (Li
and Verma, 2002, Foletta et al., 1998). By inducing direct protein-protein interactions of the GR
with the p65 and c-Fos/c-Jun subunits of NF-κB resp. AP-1, GCs counteract induction of proinflammatory targets such as TNF and IL-1 (Ray and Prefontaine, 1994, Kassel and Herrlich,
2007). These physical interactions were shown to involve the LBD as well as DBD of the GR
but to not occur at GREs. In fact, the liganded GR predominantly interacts with DNA-bound NFκB or AP-1, a process termed tethering. The GR either prevents binding of specific co-
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activators or recruits secondary transrepressive co-regulators such as HDACs to actively
inhibit target gene expression (as reviewed by Petta et al., 2016). Further studies suggest IκBα
upregulation (Auphan et al., 1995) and interference with kinases that mediate activating
phosphorylations (Nissen and Yamamoto, 2000, Bruna et al., 2003) as alternative mechanisms
by which the GR diminishes inflammatory NF-κB resp. AP-1 signaling. The GC-induced G1
arrest that precedes cell death induction in ALL cells is likewise attributed to GR-mediated
gene repression of c-Myc, CDK4, CDK6 and cyclin D3 (Krstic et al., 1997, Ausserlechner et al.,
2004).

Figure 7 Simplified model of GC-induced cell death in lymphoid cells
Binding of glucocorticoids (GC) activates the glucocorticoid receptor (GR) by inducing conformational changes
and dissociation of heat shock protein (HSP) complexes. The GC-bound GR translocates to the nucleus and exerts
the cell death-inducing functions of GCs via genomic mechanisms. It can either 1) bind to GR response elements
(GRE) as a homodimer inducing its own as well as the expression of pro-apoptotic target genes or 2) repress NFκB- and AP-1-driven expression of anti-apoptotic, cell cycle-regulating, glycolytic and pro-inflammatory factors.
Rapid non-genomic actions of GCs include the release of mitochondrial Ca2+ and production of ROS and ceramide.
This is mediated by the combined action of mitochondria-associated GCs and GC-bound GR molecules (mitoGR).
Subsequently, activation of GSK3 stimulates expression and activity of the pro-apoptotic BH3-only protein Bim.
Moreover, GC-activated p38 mediates activating phosphorylations of Bim as well as the GR. Increased expression
and activation of the BH3-only proteins Puma, Noxa but predominately Bim ultimately leads to the integration and
pore formation of pro-apoptotic effectors Bax and Bak in the outer mitochondrial membrane. This is mediated by
a direct activation of Bax/Bak as well as blocking of anti-apoptotic Bcl-2 proteins, including Bcl-2, Bcl-xL, and Mcl1. Subsequent mitochondrial outer membrane permeabilization results in the release of mitochondrial cytochrome
C (CytC) and Smac to the cytosol. CytC facilitates activation of Caspase 9 and triggers the caspase cascade which
ultimately results in apoptosis execution. Smac potentiates caspase signaling by neutralizing inhibitor of apoptosis
proteins (IAP). AP-1: activator protein 1; GILZ: glucocorticoid-induced leucine zipper; GSK3: glycogen synthase
kinase-3; NF-κB: nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells; RE: response element. (created
with BioRender.com)

Apart from negatively impacting inflammatory and pro-survival factors, GC treatment reduces
protein levels of anti-apoptotic proteins including Bcl-2 and Bcl-xL (Casale et al., 2003).
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Contributing to apoptosis induction in T-ALL cells, genes coding for glycolytic proteins are
transcriptionally repressed upon dexamethasone treatment. The impaired expression of the
glucose transporter GLUT1 and several glycolytic enzymes impairs glucose uptake and
utilization which correlates with GC-induced apoptotic cell death (Buentke et al., 2011, Aoki et
al., 2017, Dyczynski et al., 2018). Mechanistically this can be explained by a switch of leukemic
T cell metabolism to oxidative phosphorylation upon GC-suppressed glycolysis. Since this
attempt to rescue cellular energy production, is fueled and dependent on non-protective
autophagy it precedes and ultimately results in cell death of GC-treated T-ALL cells (Kawaguchi
et al., 2016, Laane et al., 2009, Djavaheri-Mergny et al., 2019) .

Non-genomic mechanisms of GC-induced apoptosis
Rapid cellular effects contributing to GC-induced cell death of T cells are explained by nongenomic mechanisms that are primarily associated with mitochondrial functions. Due to their
lipophilic properties, GCs are thought to accumulate at cellular membranes and influence the
membrane fluidity and functions of membranous ion channels and receptors (Stahn and
Buttgereit, 2008). In a GR-independent fashion, intracellular GCs induce mitochondrial Ca2+
mobilization and production of ROS and ceramide (Smith and Cidlowski, 2010). Moreover, GCbound GRs that undergo mitochondrial instead of nuclear translocation (mitoGR), possibly
contribute to these processes (Sionov et al., 2006a). Ultimately increased levels of cytosolic
Ca2+, ceramide and ROS levels result in activation of calmodulin and glycogen synthase kinase3 (GSK3) that are key players of GC-mediated T cell apoptosis (Spokoini et al., 2010, Berchtold
and Villalobo, 2014). MitoGRs further directly interact with proteins of the Bcl-2 superfamily,
decrease the mitochondrial membrane potential and consequently trigger cytochrome C and
Smac release augmenting activation of intrinsic apoptosis signaling (Sionov et al., 2006b,
Prenek et al., 2017).
The direct crosstalk of GCs and the GR with kinase signaling pathways is essential for the
cytotoxic effects of GCs in (leukemic) T cells. A kinome study by Spokoini et al. (2010) identified
GSK3 as an essential transmitter of apoptotic signaling during GC-induced cell death in
thymocytes as well as T-ALL cells. They showed that GSK3 is kept in an inactive state by
inhibitory phosphorylations and interaction with cytosolic GRs that become abrogated upon
exposure to GCs. Subsequently, GSK3 interacts and thereby most probably activates Bim
(Spokoini et al., 2010). It was further demonstrated that GSK3 promotes dexamethasoneinduced apoptosis in lymphoid malignancies by stimulating Bim expression (Nuutinen et al.,
2009). Contradictory to these findings, recent studies demonstrated a tumor promoting
function of GSK3 that can be pharmacologically targeted to treat lymphoid malignancies
including T-ALL (Martelli et al., 2021). Moreover, the stress-activated MAPK p38 becomes
phosphorylated in lymphoma and ALL cells after GC treatment (Miller et al., 2005). Stimulating
pro-apoptotic signaling, it in turn induces activating phosphorylations of Bim and possibly also
FOXO3, that increase Bim expression and activity (Cai et al., 2006, Cai and Xia, 2008). In
contrast, p38-mediated phosphorylation decreases the anti-apoptotic activity of Bcl-2 (De
Chiara et al., 2006). Apart from steering the Bcl-2 family composition towards a cell death
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susceptible state, p38 mediates phosphorylation of the GR at Ser211 that was shown to be
required for apoptosis promotion by GCs (Miller et al., 2005).
1.4.3 Glucocorticoid resistance: mechanism
Apart from the drastic adverse effects, the therapeutic efficacy of long-term GC application is
significantly hampered by the occurrence of acquired but also primary GC resistances. Despite
the potent immunosuppressive functions of synthetic GCs, in fact roughly 30% of patients
receiving treatment show some kind of GC insensitivity (Quax et al., 2013). Relating to
leukemia, GC resistance is defined as the inability of malignant cells to undergo apoptotic cell
death upon GC treatment (Gross et al., 2009). Especially the initial but also relapse-associated
resistance towards GCs are prognostic markers for poor treatment efficacy and clinical
outcome in T-ALL (Pui and Evans, 2013, Olivas-Aguirre et al., 2021). Despite intensive
research, the precise molecular basis determining GC sensitivity and resistance remain illdefined, due to contradictory results obtained from studies in T-ALL patients, primary cells,
patient-derived xenografts (PDX) and leukemia cell lines. In fact, GC resistance is governed by
an extensive number of consecutively or alternatingly acting mechanisms that, moreover, differ
between individual patients. Mechanisms contributing to GC resistance can be broadly divided
in such that involve reduced GR expression and/or function and others that are primarily
associated with alterations in survival, stress response and metabolic pathways.
Mutations of the GR gene can be somatic (van der Zwet et al., 2020) but are most often
acquired de novo upon disease progression, chronic exposition to GCs and especially relapse
(Wilkinson et al., 2018, Grausenburger et al., 2016). It is generally assumed, that resistances
acquired during chronic GC exposure are likely caused by a long-term selection of cells that
can evade the cytotoxic effects of GCs (Dendoncker and Libert, 2017, Harding et al., 2019). As
reviewed by Olivas-Aguirre et al. (2021) and Clarisse et al. (2020), GC resistance in T-ALL is
generally associated with reduced GR protein levels, while expression of the GR positively
correlates with GC sensitivity. This was initially explained by the inability to auto-induce GR
expression in response to GC treatment, a process that was shown to be required for GC
sensitivity in T-ALL cells (Ramdas et al., 1999). It was, however, discovered that GCs promote
upregulation of the GR in sensitive but also resistant primary T-ALL patient samples (Tissing et
al., 2006). Instead, a negative feedback loop that prevents GR overstimulation by causing its
downregulation after GC treatment can eventually induce GC resistance in malignant cells
(Gross et al., 2009, Meyer et al., 2020). Naturally, also mutations and polymorphisms of the GR
gene can lead to reduced expression and thus interfere with GR signaling (van der Zwet et al.,
2020, Charmandari, 2011). However, GC resistance can also be observed in leukemia cells
exhibiting high GR expression. This suggests that, even though the GR is crucially required to
mediate the cytotoxic effects of GCs, its expression alone is not a reliable predictor of GC
responsiveness. That is why GC resistance is furthermore based on impaired GR signal
transduction. In T-ALL, this is for instance mediated by mutations of the GR reducing its affinity
for GCs (Schlossmacher et al., 2011) or overexpression of multidrug transporters that decrease
the cellular availability of GCs (Beesley et al., 2009). Similarly, increased JNK-mediated
phosphorylation of Ser226 is associated with nuclear export of the GR and thus a reduced
response to GC treatment as observed in T-ALL cell lines (Lynch et al., 2010). Moreover,
altered ratios of GR isoform expression levels influence GC responsiveness. While the GRα is
a crucial determinant of GC-induced apoptosis (Huang et al., 2018b), elevated levels of its
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dominant negative antagonist GRß could be correlated with GC resistance in ALL
(Ramamoorthy and Cidlowski, 2013, Koga et al., 2005). Differences in the composition and
availability of other GR co-regulators likewise diminish the transactivation potential of the GR
(Clarisse et al., 2020).
Although primarily responsible for the immunosuppressive functions of GCs, the inhibitory
protein-protein interactions between the GR and NF-κB or AP-1 also repress GR-mediated
gene transcription (Bosscher et al., 2003; reviewed in Chapter III). Unsurprisingly, a relationship
between NF-κB as well as AP-1 expression and GC responsiveness could be established in
different hematopoietic cancers (Hideshima et al., 2002, Chen et al., 2013, Bailey et al., 2001).
Since GC-induced cell death is primarily driven by activation of the mitochondrial apoptosis
pathway, the qualitative and quantitative composition of anti- and pro-apoptotic Bcl-2 family
members governs GC sensitivity. With Bim evidently being a crucial determinant of GC
sensitivity, T-ALL-associated GC resistance could be linked to diminished Bim induction
(Bachmann et al., 2007) combined with sustained Bcl-2 expression (Jing et al., 2015) and
overall changes in the Noxa : Mcl-1 expression ratio (Lynch et al., 2010).
However, many mechanisms contributing to GC insensitivity are eventually a result of the
aberrant growth and kinase signaling pathways that arise from secondary mutations during
leukemogenesis of T-ALL. The frequently observed Notch-1 deregulation for instance not only
decreases GR protein levels but contributes to aberrant expression of the IL-7 receptor (IL7R).
This in turn stimulates MEK/ERK and PI3K/Akt/mTOR signaling pathways that majorly
contribute to the development GC resistance. Whereas aberrant MEK/ERK-mediated
phosphorylations lead to Bim inactivation and GR (S226) nuclear export as well as degradation
(Rambal et al., 2009, Jones et al., 2015), constitutive PI3K/Akt/mTOR signaling influence GC
responsiveness via metabolic reprogramming. In T-ALL, GC resistance is generally associated
with a proliferative metabolism (Beesley et al., 2009). Similar to other cancer types (reviewed
in Chapter II), ALL cells meet their increased anabolic energy demand via upregulation of
glycolytic genes and consequently increased glucose consumption as well as aerobic
glycolytic rates – all of which could be linked to GC resistance (Leni et al., 2017, Hulleman et
al., 2009, Samuels et al., 2014). In Notch1-induced T-ALL this can be mostly attributed to
hyperactivated PI3K/Akt/mTOR signaling as observed in almost 80% of primary cases (Silva et
al., 2008, Morishita et al., 2012, Gutierrez et al., 2009). Akt upregulation is not only responsible
for increased glucose metabolism in T-ALL cells (Palomero et al., 2008) but also characteristic
for their GC-resistant phenotype (Xie et al., 2019). Via phosphorylation of Ser134, PI3K
prevents nuclear translocation of the GR (Piovan et al., 2013) and, moreover, facilitates
oncogenic activation of mammalian target of rapamycin (mTOR). Upregulated in many cancer
types, this kinase via transcriptional as well as translational pathways controls proliferation,
autophagy, apoptosis as well as cellular metabolism (Easton and Houghton, 2006). Since an
increase in aerobic glycolysis is paralleled by a reduced availability of pyruvate, enhanced
glutaminolysis is necessary to fuel the TCA and is a hallmark of cancer cell metabolism (Yang
et al., 2017). Accordingly, also Notch1-related T-ALL cells rely on glutaminolysis and glutamine
as the key source for biosynthetic precursors (Zou et al., 2020, Chan et al., 2007). This
metabolic reprogramming depends on mTOR signaling and contributes to GC resistance in TALL (Beesley et al., 2009). It was further shown that the balance between anti-apoptotic
JNK/ERK as well as mTOR signaling and pro-apoptotic functions of p38 critically determines
the fate of T-ALL cells after GC application (Miller et al., 2007). Furthermore, also epigenetic
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changes associated with aberrant HMTs and HDACs activity (Miller et al., 2014, Gruhn et al.,
2013) as well as upregulation of certain micro RNAs that lower the levels of the GR or
downstream mediators (Lv et al., 2012, Liang et al., 2017, Molitoris et al., 2011) emerged as
potentially relevant regulators of GC responsiveness.

1.4.4 Strategies to overcome GC resistance
Increasing the availability of the GR is one straightforward approach to enhance GC sensitivity
in resistant T-ALL cells that harbor but only sparsely express a transcriptionally functional GR.
This can be for example achieved by a combinational treatment with DNA demethylating
agents that restore GR expression and thus signaling (Miller et al., 2014). Furthermore, high
throughput drug screening enabled the identification of a compound (J9) that elegantly
sensitizes T-ALL cells to GCs by restoring GR auto-induction (Cantley et al., 2014).
Although sufficient quantities of functional GR molecules are probably the most critical factor
for GC-induced cell death, an intensive number of additional factors contribute to GC
resistance. As reviewed above, GC-resistant T-ALL cells are often addicted to certain growth,
pro-survival, kinase and metabolic signaling pathway, many of which can evidently be targeted
to successfully overcome GC resistance. Being at the same time major drivers of T-ALL
pathogenesis, intermediates of deregulated signal transduction pathways are thought to be
excellent targets for combinatorial treatment strategies and basis of precision medicine in TALL.
With Bim being one crucial determinant of GC-induced apoptosis, targeting imbalances in the
Bcl-2 protein profile is another promising approach to revert GC resistance in T-ALL. For
instance, the hypomethylating agent azacytidine overcomes GC resistance by directly
increasing Bim expression and shows promising synergistic effects in T-ALL cell lines (Jing et
al., 2018) and in clinical trials conducted in patients with relapsed T-ALL (Sun et al., 2018). The
effect of azacytidine can be enhanced and thus might be combined with the BH3 mimetic
Venetoclax (ABT-199; Jonas and Pollyea, 2019, Wan et al., 2021). This selective suppressor of
the anti-apoptotic Bcl-2 protein amplifies mitochondrial apoptosis in response to
chemotherapeutic agents and is already FDA-approved for other leukemias (Lasica and
Anderson, 2021). Since synergistic cytotoxicity in combination with dexamethasone could be
demonstrated in T-ALL cell lines, primary patient samples as well as clinical trials, Venetoclax
is strongly suggested to be extended for the therapeutic application in ALL (Peirs et al., 2014,
Chonghaile et al., 2014, El-Cheikh et al., 2018, Richard-Carpentier et al., 2020). Other
compounds that interfere with anti-apoptotic Bcl-2 family members such as the pan-active
inhibitor Obatoclax (Bonapace et al., 2010) or derivatives of the natural Mcl-1 inhibitor gossypol
(Spijkers-Hagelstein et al., 2014) likewise act as sensitizers for GC-induced cell death.
Furthermore, inhibition of pro-survival kinase signaling, such as PI3K/Akt/mTOR, MAPK/ERK or
JNK pathways, can sensitize T-ALL cells to GCs by changing the balance between pro- and
anti-apoptotic BCL-2 family members (Bornhauser et al., 2007, van der Zwet et al., 2021, Garza
et al., 2009, Ge et al., 2013). Rapamycin-mediated inhibition of mTOR for example not only
impairs growth but also reverses dexamethasone resistance of T-ALL cells by upregulation of
the GR, Bim and consequently apoptotic signaling (Gu et al., 2015, Guo et al., 2013). While the
dual PI3K/mTOR inhibitor BEZ235 likewise improves GC-sensitivity by increasing Bim
expression (Hall et al., 2016), arsenic trioxide-mediated Akt inhibition synergizes with
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dexamethasone in an Bim-independent manner by increasing Bad and downregulating XIAP
(X-linked inhibitor of apoptosis protein) in T-ALL cells (Bornhauser et al., 2007).
Pharmacological Akt inhibition, moreover, directly reverses GC resistance by preventing
phosphorylation of the GR at Ser134 which otherwise blocks GC-induced translocation of the
GR to the nucleus (Piovan et al., 2013). Vice versa, the pro-apoptotic stress kinase p38 was
not only shown to be essential for GC-mediated Bim induction (Miller et al., 2005) but selective
p38 activators can further be used to restore GC sensitivity in T-ALL (Lu et al., 2006, Ge et al.,
2013, Liu et al., 2014). For instance, the protein synthesis inhibitor and p38 agonist anisomycin
sensitizes T-ALL cells to dexamethasone by upregulation of Bim and activation of caspase 3
while reducing Bcl-2, Mcl-1, cyclin and c-Myc levels (Liu et al., 2014). Apart from exhibiting low
dexamethasone-induced p38 activation, GC-resistant T-ALL cells display enhanced basal
ERK/JNK activity, confirming an antagonistic function of these kinases in GC-induced cell death
(Miller et al., 2007). In line with this observation, direct or indirect ERK and JNK inhibitors
restore GC sensitivity which closely correlates with a GC-mediated upregulation of Bim and
GR levels as well as p38-mediated activating phosphorylation of the GR at Ser211 (Garza et
al., 2009).
Since, GC-initiated apoptotic signaling in T-ALL is suppressed by upregulation and plasticity of
bioenergetic pathways (Beesley et al., 2009), selective metabolic inhibitors were already shown
to synergize with GCs and thus offer further alternative tools to overcome steroid resistance.
The glucose derivate 2-deoxy-D-glucose (2-DG) for example restores GC sensitivity of primary
and T-ALL cell lines not only through cooperative glycolysis inhibition (Eberhart et al., 2009,
Hulleman et al., 2009) but also interference with N-linked glycosylation, ER stress and induction
of the unfolded protein response (Leni et al., 2017). Bioenergetic modulation using the ATP
synthase inhibitor oligomycin to prevent oxidative phosphorylation (Samuels et al., 2014) or
the autophagy inhibitor chloroquine can similarly be used to overcome GC resistance in T-ALL
cells.
Drug repositioning approaches further identified several, already FDA-approved compounds
that via “unintended off-target” mechanisms of cytotoxicity overcome GC resistance and show
promising results in pre-clinical models of ALL (Olivas-Aguirre et al., 2021). Only recently for
example Mezzatesta et al. (2020) discovered that certain anti-helmintic drugs like
Moxidectin have anti-leukemic effects and synergize with dexamethasone to induce cell
death in human relapsed, GC-resistant T-ALL PDX.
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2 AIMS OF THE STUDY
LRH-1 is an orphan NR that exhibits high protein expression levels and activity in tissues of
endodermal origin where its diverse effector physiological as well as pathophysiological
functions in developmental processes and the adult organism have been extensively studied.
Especially in connection with its positive role in regulating cellular proliferation, survival,
metabolism and immune homeostasis, LRH-1 has been in implicated in malignancies
associated to these tissues as for example pancreatic, gastric, breast and liver cancer and was
thus proposed to be a potential oncogene. In contrast, the expression and function of LRH-1 in
hematopoietic cells and, by extension associated malignancies, yet have been far less well
examined and therefore main research focus of this thesis.
The first publication presented aims to elucidate the role of LRH-1 in healthy T lymphocytes
including a characterization of LRH-1 expression in lymphoid organs and different T cell
subsets. Animals with a T lymphocyte-specific LRH-1 deficiency, different pathogenesis
models as well as pharmacological LRH-1 antagonists were chosen to study the function of
LRH-1 in T cells in vitro and in vivo. Particularly the influence of LRH-1 on the development,
activation, proliferation, survival and effector function of T helper and cytotoxic T cells should
be addressed.
The second publication of this thesis aimed to provide a detailed summary of the recent
scientific advances regarding the role of LRH-1 in different malignancies and evaluate its
potential as a pharmacological target. It particularly highlights the importance of LRH-1 as a
nuclear transcription factor in regulating mitochondrial energy metabolism, signaling and cell
death.
Combining the first two topics, the third and major aim of this thesis was to elucidate the role
of LRH-1 in leukemic T cells. Apart from analyzing its expression and oncogenic properties in
regulating proliferation as well as survival of T-ALL cells, a possible implication of LRH-1 in
regulating GC sensitivity should be investigated. This included the biochemical characterization
of a novel interaction of LRH-1 with the GR and its role in pathophysiological GC resistance.
Moreover, it was tested whether LRH-1 downregulation and/or pharmacological antagonists
can be used to overcome GC resistance. Different GC-resistant human T-ALL cell lines and
primary T-ALL patient-derived xenografts were chosen to address the therapeutic potential of
LRH-1 inhibition in combination with GCs in vitro as well as in vivo.
In summary, this study thus aims to broaden the current knowledge concerning the function of
LRH-1 in healthy and malignant T cells and thereby identify potential, innovative applications
of pharmacological LRH-1 antagonists in the treatment of T cell-mediated inflammatory
diseases and leukemia.
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Chapter I
The orphan nuclear receptor
LRH-1/NR5a2 critically regulates
T cell functions.
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The orphan nuclear receptor LRH-1/NR5a2 critically
regulates T cell functions
Carina Seitz1, Juan Huang1,2, Anna-Lena Geiselhöringer1, Pamela Galbani-Bianchi3, Svenja Michalek1,
Truong San Phan1, Cindy Reinhold1, Lea Dietrich1, Christian Schmidt1, Nadia Corazza3,
M. Eugenia Delgado1, Theresa Schnalzger1, Kristina Schoonjans4, Thomas Brunner1*
LRH-1 (liver receptor homolog-1/NR5a2) is an orphan nuclear receptor, which regulates glucose and lipid metabolism,
as well as intestinal inflammation via the transcriptional control of intestinal glucocorticoid synthesis. Predominantly
expressed in epithelial cells, its expression and role in immune cells are presently enigmatic. LRH-1 was found to
be induced in immature and mature T lymphocytes upon stimulation. T cell–specific deletion of LRH-1 causes a
drastic loss of mature peripheral T cells. LRH-1–depleted CD4+ T cells exert strongly reduced activation-induced
proliferation in vitro and in vivo and fail to mount immune responses against model antigens and to induce experimental intestinal inflammation. Similarly, LRH-1–deficient cytotoxic CD8+ T cells fail to control viral infections.
This study describes a novel and critical role of LRH-1 in T cell maturation, functions, and immopathologies and
proposes LRH-1 as an emerging pharmacological target in the treatment of T cell–mediated inflammatory diseases.
INTRODUCTION

An interaction between dietary and microbial-derived lipids and
the immune system has been suggested for a long time. Food- and
microbiome-derived lipids regulate host metabolism and thereby
obesity, which, in turn, promotes inflammation and associated diseases, such as type 2 diabetes and cancer [reviewed in (1) and (2)]. Best
characterized is the role of short-chain fatty acids, such as butyrate
and acetate, derived from bacterial digestion of food (3). However,
also longer chain fatty acids and phospholipids are known to be taken
up by the gastrointestinal tract and to regulate immunological
processes [reviewed in (4)]. The underlying molecular mechanisms
remain, so far, largely unexplored.
Lipid molecules are often bound and sensed by a large group of
transcription factors, the nuclear receptor family. Nuclear receptors
play important roles in various developmental, metabolic, and inflammatory processes. Lipid ligand binding promotes their transcriptional activation via coactivator recruitment [reviewed in (5)].
Best characterized is the group of steroid hormone receptors, which
bind cholesterol derivatives, such as sex hormones, aldosterone,
and glucocorticoids. In particular, the glucocorticoid receptor is
known to exert potent immunoregulatory activities, providing the
basis for the efficient therapeutic use of synthetic glucocorticoids in
the treatment of inflammatory processes (6). Endogenous glucocorticoids are produced not only in the adrenal glands but also by extra-
adrenal sources, such as the thymus, skin, lung, and intestine (7).
Thus, we have previously shown that the intestinal epithelium is an
important source of glucocorticoids and that intestinal glucocorticoids critically contribute to the regulation of local immune homeostasis (8–11).
The synthesis of immunoregulatory glucocorticoids in the intestinal epithelium is critically controlled by the nuclear receptor liver
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receptor homolog-1 (LRH-1/NR5a2) (9, 10), which belongs to the
fushi tarazu family of transcription factors [reviewed in (12)]. Deletion
of LRH-1 in the intestinal epithelium predisposes mice to development
of intestinal inflammation due to the absence of local glucocorticoid
synthesis (9). Furthermore, studies in patients with ulcerative colitis
and Crohn’s disease revealed a clear negative correlation between
LRH-1, intestinal glucocorticoids, and intestinal inflammation (9).
LRH-1 is considered an orphan nuclear receptor, as no endogenous
ligand has been identified so far. Various reports have, however,
highlighted the fact that LRH-1 binds phospholipids, lipids, and
lipophilic chemical compounds, resulting in transcriptional activation
of the nuclear receptor (13, 14).
Although intestinal LRH-1 regulates immune cells via immunoregulatory glucocorticoids (10), little is currently known about the expression of LRH-1 in the hematopoietic system. Recently, a role of
LRH-1 in the differentiation of macrophage subpopulations and the
development of anti-infectious effector functions has been demonstrated (15). Similarly, we were able to demonstrate that LRH-1 contributes to the transcriptional control of Fas (CD95) ligand expression
and associated effector functions in CD4+ T lymphocytes (16). However, the expression and role of LRH-1 in cells of the T cell lineage are
currently unexplored and enigmatic. Here, we demonstrate a novel and
direct role of LRH-1 in immune regulation. LRH-1 is expressed in
murine thymocytes and mature T lymphocytes, and stimulation of cells
further induces LRH-1 expression. CD4 promoter–driven deletion of
LRH-1 at the CD4/CD8 double-positive stage in the thymus has only a
minor impact on thymocyte maturation but severely reduces the
number of peripheral T cells. While LRH-1–deficient T cells show
normal signs of early T cell activation, they exert strongly reduced
activation-induced proliferation in vitro and in vivo. LRH-1 deficiency
severely impairs T cell responses and antibody production in vivo and
abrogates CD4 T cell–mediated experimental colitis. Upon viral infection, LRH-1–deficient CD8+ T cells readily become activated and produce excessive amounts of cytokines yet fail to control virus expansion.
This study demonstrates a critical role of LRH-1 in T cell maturation
and the regulation of T cell homeostasis, T cell expansion, and effector
functions. Furthermore, our study proposes LRH-1 as an emerging new
target in the treatment of T cell–mediated inflammatory diseases.
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LRH-1 deletion results in reduced mature T cells
Because of the lack of information concerning the expression of
LRH-1 in hematopoietic cells, we first investigated its gene expression
profile in different lymphatic tissues (fig. S1A) and immature (fig.
S1B) and mature T cell subsets (fig. S1C). This revealed that Nr5a2
mRNA expression was low but detectable in all immature and mature
T cell subsets of C57BL/6 wild-type mice (fig. S1, B and C) and in
human peripheral blood mononuclear cells (PBMCs) (fig. S1D).
To address the role of LRH-1 in T lymphocytes, we next generated
T cell–specific LRH-1–deficient mice using CD4 promoter–driven
Cre recombinase expression [Nr5a2L2/L2 CD4-Cre, conditional knock
out (cKO)]. As CD4 expression is first observed at the CD4+CD8+

stage of thymocyte maturation, we compared the thymi of cKO and
control (L2/L2) animals but found no difference in size (fig. S2A),
weight (fig. S2B), or cellularity (fig. S2C). Only a mild reduction of
CD4+ and CD4+CD8+ and a corresponding increase in CD4−CD8−
thymocytes were observed (fig. S2D).
When analyzing secondary lymphatic organs, we observed that the
spleen of cKO animals was significantly reduced in size (Fig. 1A), organ
weight (Fig. 1B), and cell numbers (Fig. 1C). Unexpectedly, CD8+
T cells were reduced by approximately 50%, and CD4+ lymphocytes were
reduced by almost 80% in cKO spleens (Fig. 1D). In line with the significant loss of splenic CD3+ T cells (Fig. 1E), the relative number of B220+
B cells was increased (Fig. 1F) and no difference was observed for
NK1.1+ (Fig. 1G) in cKO animals. The relative loss of CD4+ and CD8+

Fig. 1. Deletion of Nr5a2 leads to loss of mature T lymphocytes. (A) Representative picture of Nr5a2L2/L2 (L2/L2, ctrl) and Nr5a2L2/L2 CD4-Cre (cKO) spleens. ctrl, control.
(B) Spleen organ weight relative to body weight (L2/L2, n = 17; cKO, n = 18 mice). (C) Spleen cellularity (n = 15). (D) Representative density plots of splenic CD4+ and CD8+
cells. The numbers indicate the percentage of cells. PE, phycoerythrin; FITC, fluorescein isothiocyanate. (E to G) Relative distribution of splenic CD3+ (E), B220+ (F), or NK1.1+
(G) CD3+ cells analyzed by flow cytometry (L2/L2, n = 11 mice; cKO, n = 12 mice per group). (H and I) Absolute numbers of splenic CD3+CD4+ and CD3+CD8+ T lymphocytes
(L2/L2, n = 23; cKO, n = 17). (J) Representative hematoxylin and eosin (H&E) staining of L2/L2 or cKO spleens. (K) Representative immunohistology for CD3 (yellow) and
B220 (blue) expression. (L) Representative staining for CD3 (yellow), F4/80 (red), and 4′,6-diamidino-2-phenylindole (DAPI) (blue). Scale bars, 0.5 cm (A) and 300 m (J to L).
Mean values ± SD and individual values are shown in each graph. *P < 0.05 and ***P < 0.001. ns, not significant. Photo credit: Carina Seitz, University of Konstanz.
Seitz et al., Sci. Adv. 2019; 5 : eaav9732
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T cells was confirmed when analyzing total cell numbers (Fig. 1, H and I).
Comparable changes in CD4+ and CD8+ T cell numbers were found in
axial (fig. S3, A to F) and mesenteric lymph nodes (fig. S3, G to L).
Because of the strong phenotype of LRH-1 deletion in mature
T cell distribution, we next analyzed the splenic architecture. Histological analysis revealed obvious changes in the structure of white
pulp follicles, which were more compact and with a lighter core,
suggesting a reduced cell density (Fig. 1J). Immunohistological detection of B and T lymphocytes confirmed a reduced size of the T cell
zone (Fig. 1K), while the overall distribution of B cell follicles and
marginal zone macrophages (Fig. 1L) was not altered.
As CD4 promoter–driven deletion of LRH-1 had a stronger impact
on numbers of peripheral CD4+ than CD8+ T cells, the question
whether Cre-mediated deletion was less effective in CD8+ T cells
arose. We thus used a Tomato-membrane green fluorescent protein
(GFP) (mTmG) double-fluorescent Cre reporter mouse line, in
which successful Cre-mediated recombination results in green
fluorescence of cells (17). As expected, immature CD4−CD8− thymocytes showed very low GFP levels and, hence, minimal LRH-1
deletion (fig. S4A), while the deletion was nearly complete in more
mature CD4+CD8+ thymocytes (fig. S4B), as well as in thymic,
splenic, axial, and mesenteric CD4+ and CD8+ subsets (fig. S4, C, D,
and F to H). Microscopic analysis of spleen sections confirmed specific
LRH-1 deletion (GFP+) in the T cell area (fig. S4E). Overall, the rate
of GFP+ CD8+ T cells was slightly lower, however, with 80 to 90%
still almost complete.
Sensitivity of LRH-1–deficient T cells to apoptosis induction
To understand the underlying cause of LRH-1 deletion-mediated
loss in peripheral T cells, we investigated the apoptosis sensitivity of

cKO T cells. Enhanced basal cell death was observed in cKO thymocytes (fig. S5, A to D) and splenocytes (fig. S6, A to D), while their
response toward dexamethasone, etoposide, staurosporine, or plate-
bound anti-CD3 promoting activation-induced cell death was comparable to the L2/L2 controls (figs. S5, A to D, and S6, A to D).
Hence, increased stimulus-induced cell death does not appear to
account for the selective loss of peripheral T cells in cKO mice.
As proliferating T cells are more sensitive to apoptosis-inducing
agents, especially to activation-induced cell death (18), we addressed
apoptosis induction in concanavalin A (ConA)–induced T cell blasts.
Unexpectedly, cKO CD4+ cells and, to a lesser extent, CD8+ T cells
failed to expand under these conditions and rather died, leading to
approximately 80% basal cell death. This time-dependent increase
in cell death of CD4+ cKO T cells was observed after ConA stimulation (fig. S6E) and anti-CD3/anti-CD28 treatment (fig. S6F).
LRH-1–deficient T cells are not anergic
Because of the increased cell death in response to mitogenic stimuli,
we tested the hypothesis that LRH-1–deficient T cells fail to become
activated after T cell receptor stimulation. While the activation induced up-regulation of the early activation markers CD69 and
CD25 was slightly but significantly lower and slower in CD4+ and
CD8+ cKO T cells, both responded to T cell activation by up-regulating
both activation markers (Fig. 2, A and B).
To further exclude anergy as a cause of reduced numbers of
LRH-1–deficient T cells, we analyzed their capability of effector
cytokine expression and secretion. Interferon- (IFN-) secretion
was detected in purified CD4 + and CD8 + T cells of both cKO
and L2/L2 mice with even much higher levels in cKO T cells
(Fig. 2C). Similar results were obtained for interleukin-2 (IL-2)

Fig. 2. LRH-1–deficient T cells are not anergic. (A and B) Up-regulation of the early activation marker CD69 (A) and CD25 (B) in unstimulated (unstim) or anti-CD3 (3 g/ml)
and anti-CD28 (1 g/ml) (stim) CD4+ or CD8+ splenic T cells (n = 3 mice). (C and D) Production of interferon- (IFN-) (C) or interleukin-2 (IL-2) (D) in purified CD4+ or CD8+
splenic T cells. Cells were stimulated as indicated for 48 hours, and cytokine secretion was determined by enzyme-linked immunosorbent assay (ELISA) (n = 4 mice). Mean
values ± SD of triplicates or quadriplicates of representative experiments are shown. *P < 0.05, **P < 0.01, and ***P < 0.001.
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expression (Fig. 2D), confirming that LRH-1 deletion does not
impair T cell activation.
Impaired activation-induced proliferation in
LRH-1–deficient T cells
As cKO T cells were neither hypersensitive to stimulus-induced
apoptosis induction nor anergic, we hypothesized that LRH-1 deficiency directly affects T cell proliferation and expansion. Hence, we
investigated the effect of mitogenic stimuli on Nr5a2 mRNA expression and found a significant increase in mouse splenocytes
(Fig. 3A) and human PBMCs (Fig. 3B). Activation-induced Nr5a2
expression closely correlated with cell cycle progression, as monitored by the mRNA expression of cyclins (Fig. 3, C to E). As expected,
expression of Myc, a direct regulator of the cell cycle machinery,
was induced very early after activation (Fig. 3C). Nr5a2 expression
was induced soon after stimulation with a peak at 3 to 6 hours
(Fig. 3D), followed by cyclin E1 (Cdne1) (Fig. 3E), a transcriptional
target of LRH-1 (19). We further observed increased LRH-1 promoter activation in response to mitogenic stimulation in Jurkat lT cells
(Fig. 3F), whereas serum withdrawal decreased LRH-1 promoter
activity (Fig. 3G).
We next tracked spleen cell division by carboxyfluorescein diacetate
succinimidyl ester (CFSE) dilution assay and observed a prominent
reduction in LRH-1–deficient CD4+ T cells, while proliferation was
not reduced or delayed in the CD8+ subset (Fig. 4, A and B). To
confirm a role of LRH-1 in T cell proliferation, specific pharmacological inhibitors were applied to mimic the loss of LRH-1 protein.
While the LRH-1 inhibitor 3d2 (20) resulted in significant inhibition of cell division even for the lowest concentrations, the inactive
control substance cd7 (20) did not (Fig. 4, C and D). 3d2 was also
able to inhibit CD8+ T cell proliferation, although higher concen-

trations were necessary (Fig. 4D). An inhibition of T cell proliferation
was also observed with another LRH-1 inhibitor, SR1848 (Fig. 4E)
(21). Reduced activation-induced proliferation of LRH-1–deficient
T cells was confirmed by 3H-thymidine incorporation of highly purified
CD4+ and CD8+ T cells (Fig. 4F), suggesting that also in the absence
of splenic accessory cells, CD8+ T cells depend on LRH-1. To understand the molecular basis of this reduced proliferation, we analyzed the
expression of cell cycle–regulating target genes of LRH-1, i.e., c-Myc
(Myc) and cyclin E1 (Cdne1) (19, 22). In agreement with the reduced
proliferation observed in activated cKO T cells, a reduced induction
Myc and Cdne1 expression was seen in CD4+ cKO T cells and reduced Myc expression in CD8+ T cells (Fig. 4, G and H).
We next assessed the role of LRH-1 in homeostatic T cell expansion in vivo by adoptively transferring purified cKO or L2/L2 T cells
into lymphopenic recipient mice. Analysis of spleen and mesenteric
lymph nodes revealed major defects of CD4+ cKO T cell expansion
and reduced repopulation of LRH-1–deficient CD8+ T cells (fig. S7,
A and B). To further monitor activation-induced T cell expansion
in vivo, we analyzed the ex vivo T cell restimulation of ovalbumin-
immunized mice. While an antigen-dependent proliferation of
T cells was detectable in immunized L2/L2 mice, no ex vivo proliferation was seen in T cells from cKO mice (fig. S8, A and B). In addition to the lack of ovalbumin-induced T cell expansion in vivo, a
massive reduction of anti-ovalbumin immunoglobulins in the sera
of cKO mice was observed, revealing defects in T cell–dependent
B cell activation (fig. S8C).
Impaired colitis induction by LRH-1–deficient T cells
To test the consequence of impaired proliferation in a T cell–dependent
pathogenesis model in vivo, we used the T cell transfer colitis model.
In this model, naïve CD4+ CD45Rbhi T cells are transferred into

Fig. 3. Nr5a2 expression is up-regulated upon stimulation. (A) Nr5a2 mRNA expression in wild-type spleenocytes after 3 hours of phorbol myristate acetate (PMA) and
ionomycin (iono) or ConA stimulation, normalized to unstimulated control (n = 3 mice per group). (B) NR5A2 mRNA expression in human PBMCs (hPBMCs) after stimulation with phytohemagglutinin (PHA-P) for 3 hours (n = 3 biological replicates). (C to E) Kinetics of (C) Myc, (D) Nr5a2, and (E) Cdne1 expression in splenocytes after
anti-CD3/anti-CD28 stimulation normalized to unstimulated control (n = 3 mice). (F) Induction of NR5A2 promoter activity in Jurkat lT cells after stimulation with PMA and
ionomycin. One representative experiment of five is shown (n = 3 technical replicates). (G) Effect of serum deprivation on NR5A2 promoter activity. One of three representative experiments is shown (n = 3 technical replicates). *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 4. Impaired cell proliferation in LRH-1–deficient T cells. (A and B) Cell proliferation in response to anti-CD3 ± anti-CD28 stimulation of splenic CD4+ and CD8+
T cells was analyzed by CFSE dilution after 72 hours. Mean values ± SD of three individual experiments are shown. (C and D) Spleen cells were stimulated with anti-CD3
and anti-CD28 in the presence or absence of the LRH-1 antagonist 3d2 or control substance cd7 at indicated concentrations, and proliferation was analyzed by CFSE dilution at 72 hours. Values were normalized to stimulated cells without inhibitors (n = 3 mice). (E) Splenocytes were treated with or without the LRH-1 inhibitor SR1848 and
stimulated with anti-CD3/anti-CD28; cell proliferation was analyzed by CFSE dilution at 72 hours (n = 3 mice). (F) Activation-induced 3H-thymidine incorporation in purified CD4+ and CD8+ splenic T cells after 72 hours, normalized to unstimulated cells. Mean values ± SD of a representative experiment are shown (n = 5 experiments).
(G and H) Activation-induced Myc (G) and Cdne1 (H) mRNA expression in purified CD4+ and CD8+ splenic T cells after 24 hours. *P < 0.05, **P < 0.01, and ***P < 0.001.

lymphopenic Rag1−/− mice, where their uncontrolled activation by
gut microbiota leads to subsequent colitis induction (Fig. 5A) (23, 24).
While transfer of L2/L2 T cells resulted in a time-dependent loss of
body weight (Fig. 5B) and massive colonic inflammation, cKO T cell
Seitz et al., Sci. Adv. 2019; 5 : eaav9732
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transfer failed to promote body weight loss and caused significantly
less colonic inflammation (Fig. 5, C to E). The reduced colitis induction of cKO donor cells observed was paralleled by diminished
T cell expansion and repopulation of spleen and mesenteric lymph
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Fig. 5. Impaired colitis induction by LRH-1–deficient CD4+T cells. (A) Scheme of transfer colitis induction in Rag1−/− recipient mice. (B) Colitis-induced loss of body
weight (L2/L2 donor, n = 14; cKO donor, n = 9). (C to E) Representative histologies of colon samples from untreated Rag1−/− recipient mice (C) or after transfer of naïve L2/L2
(D) or cKO T cells (E). Top panels: Lower magnification. Bottom panels: Higher magnification. Scale bars, 150 m. (F and G) Repopulation of spleen (F) or mesenteric lymph
node (mLN) (G) by naïve L2/L2 or cKO T cells. (H to J) mRNA expression levels of the proinflammatory cytokines tumor necrosis factor– (H), IL-1 (I), and IFN- (J) in colon
samples or control recipients or recipients transferred with L2/L2 or cKO T cells. Mean ± SD and individual data points of n = 9 to 14 mice are shown. *P < 0.05, **P < 0.01,
and ***P < 0.001.

node (Fig. 5, F and G) and reduced IFN- expression in the colon of
Rag1-deficient recipient mice (Fig. 5. H to J).
Reduced regulatory function of LRH-1–deficient T cells
To further study the putative role of LRH-1 in regulatory T cells
(Tregs), we conducted a colitis protection experiment. While naïve
CD4+ CD45Rbhi T cells are able to infiltrate colonic tissue and
induce colitis upon transfer into lymphopenic mice, cotransfer of
CD4+ CD45Rblo T cells results in pronounced protection from colitis induction, mediated by Tregs in this T cell population (fig. S9A)
(24, 25). Accordingly, the transfer of Ly5.1+ CD4+ CD45Rbhi T cells
caused pronounced colitis, accompanied by body weight loss (fig.
S9B) and colonic inflammation (fig. S9C), whereas the cotransfer of
CD4+ CD45Rblo T cells from L2/L2 mice resulted in the restoration
of body weight loss (fig. S9B) and reduced colonic inflammation
(fig. S9D). In marked contrast, sort-purified cKO CD4+ CD45Rblo
T cells were unable to attenuate disease development (fig. S9, B and
E). Along these lines, reduced regulatory cKO donor T cell numbers
were found in spleen (fig. S9F) and mesenteric lymph nodes (fig. S9G)
of recipient mice, suggesting that the disturbed protective functions of
cKO T cells resulted from reduced in vivo expansion. While L2/L2 Tregs
Seitz et al., Sci. Adv. 2019; 5 : eaav9732
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were able to significantly reduce colonic Ifng mRNA expression and
cKO T cells failed to do so (fig. S9H), there was no difference in Il1b
expression (fig. S9I), but Treg populations from both L2/L2 and cKO
mice promoted a significant reduction of colitis-induced Tnfa mRNA
expression (fig. S9J). To exclude that the lack of protection by CD4+
CD45Rblo cKO T cells was caused by a reduced frequency of Treg in
this population, we determined the percentage of splenic FoxP3+
CD4+ T cells in L2/L2 and cKO mice before transfer, revealing no
difference (fig. S9K).
Impaired virus clearance by LRH-1–deficient cytotoxic T cells
The impact of LRH-1 deletion was more pronounced in regard to
mature CD4+ T cell numbers, while CD8+ T lymphocytes were less
affected. To investigate the effect of LRH-1 deletion on CD8+ T cell
effector functions, we analyzed the antigen-specific T cell expansion
and viral clearance after lymphocytic choriomeningitis virus (LCMV)
infection, which is critically dependent on cytotoxic CD8+ T cells
(26). Accordingly, LCMV infection resulted in increased numbers
of splenic CD8+  T cell receptor–positive (TCR+) cells in L2/
L2 mice at day 6 after LCMV infection, indicative of a virus-specific T cell
expansion. Although cKO mice had lower numbers of CD8+ TCR+
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cells before infection, a clear virus-induced expansion was observed
at days 6 and 8 after infection (Fig. 6A). Along with the virus-induced
cytotoxic T cell expansion, an increase in CD69+ and CD25+ CD8+
T cells was observed at day 6 after infection; however, no difference
was seen between L2/L2 and cKO mice (Fig. 6, B and C). Similarly,
a comparable virus-induced increase of CD25+ CD8+ T cells in mesenteric lymph nodes was observed (fig. S10A). The expansion of
virus-specific T cells was confirmed using intracellular staining of
IFN-. While only ex vivo restimulation with the LCMV peptide
gp33, but not the control peptide adn5, resulted in IFN-+ CD8+
T cells at days 6 and 8 after infection, no difference was seen be-

tween control and cKO mice (Fig. 6D). Similar observations were
made when analyzing IFN- levels in serum samples (fig. S10B).
Thus, LRH-1 deficiency does not appear to affect LCMV-induced
CD8+ T cell activation and expansion.
An important effector function of virus-specific T cells is the
killing of virus-infected cells and, thereby, virus clearance. Accordingly, a massive reduction of virus particles was seen in the spleen,
liver, small intestine, and serum of LCMV-infected control mice at
day 10 after infection (Fig. 6, E to H). However, while CD8+ cKO
T cells appeared to become properly activated and expand after
LCMV infection, they completely failed to control viral expansion,

Fig. 6. Impaired virus clearance by LRH-1–deficient cytotoxic T cells. (A) Virus-induced expansion of CD8+ TCR+ T cells [0 days post infection (dpi), n = 11; 6 dpi,
n = 9; 8 dpi, n = 3 mice]. (B and C) Up-regulation of activation marker CD69 (B) and CD25 (C) in CD8+ T cells after LCMV infection (0 dpi, n = 11; 6 dpi, n = 9; 8 dpi, n = 6 mice).
(D) Quantification of IFN-–producing virus-specific CD8+ T cells after ex vivo restimulation with buffer control, Adn5 control peptide or GP33 peptide (0 dpi: n = 8; 6 dpi:
n = 9; 8 dpi: n = 6 mice). (E to H) Virus titers after LCMV infection of L2/L2 or cKO mice in the spleen (E), liver (F), small intestine (G), and serum (H) (6 dpi, n = 9; 8 dpi, n = 6;
10 dpi, n = 7 mice). (I) Immunohistological detection of LCMV-infected cells in liver sections in L2/L2 or cKO mice at days 6 and day 10 after infection. VL4 LCMV nucleo
protein, red; nuclei, blue (DAPI). Representative pictures are shown. Scale bars, 150 m. (J) mRNA expression of the cytotoxic T cell effector molecule perforin (Prf1) (0 dpi,
n = 5; 6 dpi, n = 5; 8 dpi, n = 6; 10 dpi, n = 2 mice). (K) DNA fragmentation of GP33 or Adn5-loaded EL4 cells by virus-specific T cells, 8 days after LCMV infection, measured
by loss of 3H-thymidine (n = 3 mice; representative experiment of two is shown). *P < 0.05, **P < 0.01, ***P < 0.001. E:T, effector:target.
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resulting in a high viral load in all tissues examined (Fig. 6, E to H).
The lack of viral clearance was also obvious when detecting LCMV-
infected cells in liver tissue using immunofluorescence. While control mice almost completely cleared the virus from liver tissue at day 10
after infection, cKO mice still contained high numbers of virus-
producing hepatocytes (Fig. 6I). As LCMV clearance is critically
dependent on perforin-mediated cytotoxicity (27), we analyzed Prf1
and Gzmb mRNA expression in the spleen of control and cKO
mice, revealing an infection-induced increase in both mouse lines
(Fig. 6J and fig. S10C). Furthermore, spleen cells and sorted CD8+
T cells from both virus-infected control and cKO mice killed LCMV
peptide–presenting target cells equally well (Fig. 6K and fig. S10D).
This indicates that impaired expression of cytotoxic effector molecules is not responsible for the inability of cKO T cells to clear LCMV.
DISCUSSION

The expression and role of LRH-1 has been well described in various endodermal tissues, while considerably less is known about its
expression and role in other tissues, specifically the hematopoietic
system. The first indirect report investigating the LRH-1 expression
in pancreatic tumors, where they accidentally observed LRH-1–
positive tumor-infiltrating leukocytes, came from Benod and colleagues (28). More recently, Lefèvre et al. (15) described LRH-1
expression in macrophages and a role of LRH-1 in cytokine-induced
differentiation. Our own studies revealed a role of LRH-1 in the
transcriptional control of Fas ligand expression in CD4+ T cells
(16). However, besides these few studies, the expression and role of
LRH-1 in the hematopoietic system is currently unexplored. One of
the underlying reasons seems to be that steady-state levels are extremely low; thus, LRH-1 expression and function in immune cells
had been largely ignored. We observed that expression levels in unstimulated thymocytes and mature T cells are about 100 to 1000
times lower than those observed in the intestine and the liver (fig. S1,
A to D). However, LRH-1 expression in T cells appears to be rather
dynamic. Activation of T cells by mitogenic stimuli strongly induces
LRH-1 promoter activity, expression, and function (Fig. 3, A, B, D,
and F). LRH-1 induction by mitogenic stimuli correlates well with
the up-regulation of cell cycle–regulating genes, i.e., c-Myc and cyclin E1 (Fig. 3, C to E). This is in line with the established role of
LRH-1 in the transcriptional control of these cyclin genes and the
regulation of proliferation of intestinal epithelial stem cells and tumor cells (19). Supporting a suggested role of LRH-1 in cell cycle
progression, we observed a profound inhibition of activation-induced
proliferation when LRH-1 was either genetically deleted or pharmacologically inhibited (Fig. 4, A to F). Reduced proliferation was observed
not only in vitro but also during homeostatic expansion in vivo (fig. S7,
A and B) and the pathogenesis of experimental colitis (Fig. 5, A to G).
This proliferation deficiency is unlikely a consequence of improper
T cell activation, as LRH-1–deficient T cells readily up-regulated
early activation markers (Fig. 2, A and B), and levels of IL-2 and
IFN- produced often exceeded those of control T cells (Fig. 2, C
and D). Given the previously described role of LRH-1 in the transcriptional regulation of cell cycle–related genes, e.g., cyclin D1 and
E1 and c-Myc, in the liver and intestinal epithelial cells (19), the lack
of LRH-1 very likely leads to defects in activation-induced proliferation in T cells due to reduced expression of these LRH-1 target
genes. We have seen that cyclin E1 (Cdne1) and c-Myc (Myc) are expressed at reduced levels in LRH-1–deficient T cells (Fig. 4, G and H).
Seitz et al., Sci. Adv. 2019; 5 : eaav9732
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Unexpectedly, we observed quite substantial differences between
the impact of LRH-1 deletion on CD4+ versus CD8+ T cells (Fig. 1,
D, H, and I). While LRH-1 deletion resulted in a threefold reduction
of mature peripheral CD4+ T cells, CD8+ T cells were only reduced
by half (Fig 1, H and I). Similarly, activation-induced proliferation
of CD8+ T cells appeared to be less dependent on LRH-1, as in a
mixed spleen cell population CD8+ T cells divided normally in response to TCR stimulation, while CD4+ were severely impaired (Fig. 4,
A and B). During homeostatic T cell expansion in vivo, LRH-1–
deficient CD8+ T cells barely differed from wild-type T cells, while
LRH-1–deficient CD4+ T cells were not able to compete with wildtype T cells in repopulating Rag1−/− recipients (fig. S7, A and B). In
addition, during LCMV infection, a normal expansion of LRH-1–
deficient virus-specific CD8+ T cells was observed, although they
started at a lower level (Fig. 6A). As the CD4 promoter becomes
activated already at the double-positive stage during thymic maturation, the LRH-1 gene is already deleted at this stage of T cell development (fig. S4, A to D). As CD4 promoter activity drops in mature
CD8+ T cells, an insufficient duration of Cre expression and associated
failure to completely delete the LRH-1 gene could account for the
reduced impact of LRH-1 deletion in CD8+ T cells. However, the
use of the mTmG double-fluorescent reporter mouse revealed efficient Cre-mediated conversion of tdTomato-positive to GFP-positive
cells in both CD4+ and CD8+ T cell populations, although Cre-
mediated excision appeared to be slightly more efficient in CD4+ T cells
(fig. S4, F to H). Nonetheless, it is unlikely that incomplete LRH-1
deletion accounts for the differences in proliferation observed, as
the vast majority of LRH-1–deficient CD8+ T cells were also GFP+,
indicating a sufficient phase of active Cre recombinase during their
development. The difference in LRH-1 dependency between CD4+
and CD8+ T cells may be rather related to the presence or absence of
compensatory signals. LRH-1–deficient CD8+ T cells showed proliferation defects only when highly purified (Fig. 4F) but not when
stimulated in the presence of antigen-presenting cells (Fig. 4, B and D).
Thus, costimulatory signals distinct from B7-CD28 interaction
may provide compensatory signals, enabling LRH-1–independent
proliferation.
Defects in CD4+ T cell proliferation correlated well with the inability of LRH-1–deficient CD45RBhi CD4+ T cells to promote inflammation in the transfer model of colitis (Fig. 5, A to H). Similarly,
the LRH-1–deficient Tregs in the CD45RBlo CD4+ T cell population
also failed to expand in vivo and to mediate protection from colitis
induction (fig. S9, A to G). This inability to prevent transfer colitis
is not due to a generally reduced level of Tregs, as the percentage of
FoxP3+ Tregs among splenic CD4+ T cells was similar in control and
LRH-1–deficient mice (fig. S9K). Thus, this rather suggests that
in vivo proliferation of CD4+ Tregs is also critically controlled by
LRH-1. A somewhat different situation was observed in the LCMV
infection model. Although T cell–specific LRH-1–deficient mice
had generally lower numbers of CD8+ T cells before infection,
LCMV promoted a rapid expansion of virus-specific T cells even in
the absence of LRH-1, as seen by a general increase in CD8+ TCR+
T cells in the spleen (Fig. 6A) and lymph nodes (fig. S10A) and
comparable numbers of IFN-–producing CD8+ T cells upon ex vivo
restimulation with the LCMV-specific peptide gp33 (Fig. 6D). Also
along these lines, comparable production of cytokines and an increase in activation marker–positive (CD25 and CD69) CD8 +
T cells were observed (Fig. 6, B and C, and fig. S10B). In marked
contrast, LRH-1–deficient cytotoxic T cells failed to control viral
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spreading. While in control animals LCMV titers were reduced at
day 10 after infection by several logs and barely detectable, viral
titers in mice with defective LRH-1 expression remained at a high
level (Fig. 6, E to I). Given that virus-specific T cells appeared to
expand normally, this difference is difficult to reconcile. An obvious
guess would be that LRH-1–deficient CD8+ T cells fail to express
cytotoxic effector molecules. However, gene expression analysis revealed that granzyme B and perforin are, at least on an mRNA level,
induced upon viral infection and equally expressed in control and
cKO mice (Fig. 6J and fig. S10C). While we have recently identified
the cytotoxic effector molecule Fas ligand as a target gene of LRH-1
(16), it is unlikely that impaired Fas ligand expression could account
for inefficient viral clearance, as perforin (27) but not Fas ligand
(29) is critical for controlling LCMV spreading. Furthermore, we
confirmed that T cells from both virus-infected control and cKO
mice killed LCMV peptide–presenting target cells equally well, suggesting normal cytotoxic effector functions in both mouse lines.
Thus, alternative mechanisms have to be considered for the inefficiency of cKO mice to control LCMV. A possible explanation is
that CD8+ cells expand but cannot reach critical numbers to efficiently eliminate LCMV. Another possibility is that cKO T cells are
more readily exhausted and thereby cannot control viral expansion.
Alternatively, an efficient cytotoxic T cell response may also depend
on proper T helper cell responses, which is likely impaired in cKO
mice with reduced proliferative potential of CD4+ T cells. In support of this hypothesis, it was reported that CD4+ T cell help was
required for effective CD8+ T cell–mediated resolution of LCMV
infection (30). Thus, T helper cells have been shown to critically
orchestrate expansion and recruitment of cytotoxic CD8+ T cells
[reviewed in (31)].
An interesting aspect of our study is its potential translational
application. Although no endogenous ligands for LRH-1 have been
identified yet, a number of pharmacological inhibitors with high
specificity have been developed. The fact that transient inhibition of
LRH-1 with two inhibitors that act in different mechanisms [3d2
(Fig. 4, C and D) (20) and SR1848 (Fig. 4, E and F) (21)] was able to
confirm that the proliferation-regulating role of LRH-1 in T cells
and the relatively low expression of LRH-1 in comparison to the
liver and intestine may open an interesting therapeutic window.
The use of LRH-1 inhibitors in relatively low doses could permit the
efficient inhibition of T cell mediated immunopathologies while
not affecting vital functions of other tissues. While studying the role
of LRH-1 in the transcriptional control of Fas ligand, we were already able to provide proof of principle for this concept. Injection of
the lectin ConA into mice leads to rapid T cell activation and Fas
ligand–dependent damage of the liver, which was strongly reduced
after administration of 3d2 (16). The liver seems to tolerate 3d2 relatively well, as only a minimal increase in 3d2-induced serum transaminases was observed.
In summary, we have described a novel role for LRH-1 in T cell
development, proliferation, and effector functions. Furthermore,
our study proposes LRH-1 as an emerging new target in the treatment of T cell–mediated inflammatory diseases.
MATERIALS AND METHODS

Mice
Animals were housed in individually ventilated cages at the central
animal facility of the University of Konstanz. Male and female mice
Seitz et al., Sci. Adv. 2019; 5 : eaav9732
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aged 7 to 15 weeks on C57BL/6 background carrying the leukocyte
marker CD45.2 were used for all in vitro and in vivo experiments
unless otherwise stated. For mRNA quantitation experiments, wildtype C57BL/6 mice were used. Nr5a2L2/L2 (L2/L2) mice (9) were
bred with CD4-Cre transgenic mice (32) to obtain Nr5a2L2/L2 CD4Cre (cKO) animals and kept heterozygous for Cre expression. The
Cre-reporter mTmG transgenic mice were provided by U. Koch
(École Polytechnique Fédérale de Lausanne) and crossed with Nr5a2L2/L2
CD4-Cre to obtain Nr5a2L2/L2 mTmG CD4-Cre mice. Throughout
all experiments, cKO animals were compared to their corresponding floxed littermate controls. Ly5.1 mice expressed the leukocyte
marker CD45 isoform 1. Rag1−/− (provided by M. Basler, University
of Konstanz) mice were bred on a Ly5.1 background.
Cell culture and reagents
All experiments were performed in 96-well round-bottom plates
(Greiner) in technical triplicates with 200,000 cells per well in complete culture medium unless otherwise stated. Cell culture media
and supplements were purchased from Sigma-Aldrich, if not otherwise indicated.
Human leukemic Jurkat cells (the American Type Culture Collection)
with stably transfected SV40 large T antigen (lT) were maintained
in RPMI 1640 medium supplemented with 5% fetal calf serum
(FCS), 2 mM l-glutamine, and gentamycin (20 g/ml) at 37°C and
5% CO2. Cells have been routinely tested for the absence of mycoplasma. Mouse T cells were cultured in RPMI 1640 medium supplemented with 10% FCS, 2 mM l-glutamine, gentamycin (20 g/ml ),
and 50 M -mercaptoethanol.
Luciferase reporter assay
The 1.5-kb human LRH-1 promoter luciferase reporter and control
constructs have been described previously (33). Jurkat lT cells were
transfected by nucleofection (Amaxa) (16), seeded at a concentration of 3 × 105 cells/ml in 12-well plates, and cultured overnight
before treatment with phorbol myristate acetate (PMA) (50 ng/ml)
and ionomycin (1.1 g/ml ) (both from Enzo Life Sciences) or serum withdrawal for further 24 hours. Luciferase assays were carried
out as described previously (34). Chemiluminescence was measured using an Infinite 200 PRO (Tecan) microplate reader.
pCMV -galactosidase was used to correct for transfection efficiencies. To test endogenous LRH-1 activity, Jurkat lT cells were
transfected with a luciferase reporter construct containing 5×
LRH-1 response elements derived from the small heterodimer
partner promoter (35).
T cell isolation and activation
Single-cell suspensions from the spleen, thymus, and lymph
nodes were prepared by manual disruption between frosted
glass slides. Human PBMCs were prepared by Ficoll density
centrifugation.
For Nr5a2 mRNA quantitation experiments, freshly isolated
splenocytes were stimulated with 5 g/ml ConA (Sigma-Aldrich) or
PMA (5 ng/ml) and ionomycin (200 ng/ml) for 3 hours and immediately frozen in appropriate reagents for subsequent mRNA analysis.
Alternatively, cells were activated with anti-CD3 antibody (3 g/ml)
(clone 145-2C11) and precoated on 96-well flat bottom plates in
50 mM tris (pH 9) and soluble purified anti-CD28 antibody (1 g/ml)
(BioLegend). ConA-activated mouse splenocytes were prepared as
a source of T cell blasts and cultured as described (16). Human PBMC
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were treated with phytohemagglutinin (5 g/ml) (Sigma-Aldrich)
for 3 hours before RNA isolation.
RNA isolation and real time quantitative polymerase
chain reaction
Tissue RNA was isolated using peqGOLD TriFast (Peqlab) according to the manufacturer’s instructions. For sorted cells, the ReliaPrep
RNA Mini Kit (Promega) was used. Complementary DNA (cDNA)
was prepared using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative polymerase chain reaction (PCR) was performed on a StepOnePlus Instrument using SYBR
Green PCR Master Mix (both from Applied Biosystems). Primers
were designed to span exon-exon junctions. Gene expression was
normalized to Actb or GAPDH, respectively. The following primers
were used: Nr5a2, 5′-TTGAGTGGGCCAGGAGTAGT-3′ (forward)
and 5′-ACGCGACTTCTGTGTGTGAG-3′ (reverse); Actb, 5′-TATTGGCAACGAGCG GTTCC-3′ (forward) and 5′-GCACTGTGTTGGCATAGAGG-3′ (reverse); Myc, 5′-CTAGTGCTGCATGAGGAGAC-3′
(forward) and 5′-TTTGCCTCTTCTCCACAGAC-3′ (reverse); Cdne1,
5′-TTCTGCAGCGTCATCCTCTC-3′ (forward) and 5′-TGTGCCAAGTAGAACGTCTC-3′ (reverse); Tnfa, 5′-TAGCCCACGTCGTAGCAAAC-3′ (forward) and 5′-ACAAGGTACAACCCATCGGC-3′
(reverse); Il1b, 5′-TGCCACCTTTTGACAGTGATG-3′ (forward)
and 5′-ATGTGCTGCTGCGAGATTTG-3′ (reverse); Ifng,
5′-CGGCACAGTCATTGAAAGCC-3′ (forward) and 5′-TGTCACCATCCTTTTGCCAGT-3′ (reverse); Prf1, 5′-TCTTGGTGGGACTTCAGCTTT-3′ (forward) and 5′-TCCATACACCTGGCACGAAC-3′ (reverse); Gzmb, 5′-GCTGCTAAAGCTGAAGAGTAAGG-3′
(forward) and 5′-TCACATTGACATTGCGCCTG-3′ (reverse); human
NR5A2, 5′-GGGCAACAAGTGGACTATTC-3′ (forward) and 5′-CCAGCTGGAAGTTTTCAAGG-3′ (reverse); and human GAPDH, 5′-ATGGAGAAGGCTGGGGCTCA-3′ (forward) and 5′-AGTGATGGCATGGACTGTGGTCAT-3′ (reverse).
Flow cytometry and cell sorting
Single-cell suspensions of freshly isolated T cells were stained with
one or more of the following monoclonal antibodies: anti–CD3-APC
(anaphase-promoting complex) (145-2C11), anti–CD8-PE (phycoerythrin) (53-6.7), anti–CD45.1-BV421 (A20), anti–CDCD45.2-APC
(104), anti–CD4-FITC (fluorescein isothiocyanate) (RM4-5), and
anti–CD8–PerCP-Cy5.5 (53-6.7) from BD Pharmingen; anti–CD4-Cy5
(GK1.5), anti–CD25-APC (PC61.5), anti–F4/80-APC (BM8), anti–
NK1.1-PE (PK136), anti–CD45R (B220)–PerCP-Cy5.5 (RA3-6B2),
anti–CD4-PE (GK1.5), anti–CD8-FITC (eBioH35-17.2), anti–FoxP3-PE
(FJK-16s), and anti–TCR-PE-Cy7 (H57-597) from eBioscience;
anti–IFN-–FITC (XMG1.2) and anti–CD69-PE (H1.2F3) from
BioLegend; and anti–CD3-FITC (145-2C11; purified from culture
supernatant); anti-VL4 antibody was a gift from M. Basler (University of
Konstanz). The following polyclonal secondary antibodies were used:
goat anti-rat immunoglobulin G (IgG)–Alexa Fluor 568 (Invitrogen)
and goat anti-hamster IgG-FITC cocktail (G70-204/G94-56, BD
Pharmingen). Flow cytometry was performed on an LSRFortessa
(BD Biosciences). For cell sorting, an Aria III (BD Biosciences)
instrument was used. Data were analyzed using FlowJo software
(TreeStar).
For intracellular cytokine staining, cells were restimulated
in vitro with gp33 peptide (1 g/ml) (KAVYNFATC) or adn5 control peptide (SGPSNTPPEI; both from ProImmune) and incubated with
brefeldin A (10 g/ml) (LKT Labs) for 5 hours. Staining (anti–CD8-PE
Seitz et al., Sci. Adv. 2019; 5 : eaav9732

17 July 2019

and anti–IFN-–FITC) was performed as described before (36). For detection of Tregs, splenocytes were surface-stained with anti–CD4-FITC
before they were stained intracellularly with anti–FoxP3-PE using the
Fix/Perm Kit (BioLegend).
Histology and immunohistochemistry
Mouse colons and small intestinal segments were swiss-rolled and
fixed in 10% formalin, followed by paraffin embedding. Tissue sections (4 m) were stained with hematoxylin and eosin for histological
analysis using standard procedures.
For immunohistochemistry, organs were immediately embedded in O.C.T. (Tissue-Tek) cryosection medium and shock frozen
on dry ice. Sections (7 m) were cut, and samples were fixed with
fresh acetone for 1 min, treated with anti-CD16/32 Fc-block, stained
with appropriate antibodies, and detected with Alexa Fluor 568–
and FITC-conjugated secondary antibodies. mTmG cryosections
were directly analyzed without further processing. All sections were
embedded in 4′,6-diamidino-2-phenylindole containing Fluoroshield
(Sigma-Aldrich) and analyzed on an Axio Observer Z1 (Zeiss) microscope. Fiji software (37) was used for image processing.
Cell death assays
Isolated T cells were cultured in the presence or absence of dexamethasone (Sigma-Aldrich), etoposide (Enzo Life Sciences), staurosporine (Sigma-Aldrich), plate bound anti-CD3 antibody, or solvent
control (dimethyl sulfoxide or ethanol) for 8 hours. Cells were counterstained with anti–CD4-Cy5 and anti–CD8-PE in binding buffer
and analyzed for annexin-V positivity, as described (38).
Proliferation assays
Lymphocyte proliferation was monitored using CFSE (Sigma-Aldrich)
dilution, as described (39). Cells were counterstained with anti–CD4-Cy5
and anti–CD8-PE and analyzed by flow cytometry. In some experiments, the pharmacological LRH-1 inhibitor 3d2 (20), control substance cd7 (20) (both synthesized by ChemBridge Corporation), or
SR1848 (21) were added 30 min before T cell activation.
For 3H-thymidine incorporation assays, cells were pulsed with
0.5 Ci 3H-thymidine (Hartmann Analytic) per well for 18 hours
and harvested using a semiautomated cell harvester (Packard).
3
H-thymidine integration was determined by scintillation counting.
For cell cycle profile analysis, wild-type splenocytes were cultured
for indicated time points before nuclear DNA content was analyzed
as described earlier (40).
Analysis of cytokine expression and serum
immunoglobulin titers
Secretion of murine IL-2 and IFN- was quantified by enzyme-linked
immunosorbent assay (ELISA) using matched antibody pairs [anti-
mouse IFN- (RA-6A2/XMG1.2) and anti-mouse IL-2 (JES6-1A12/
JES6-5H4)]. All reagents were purchased from BioLegend and used
according to the manufacturer’s instructions.
For the determination of anti-ovalbumin–specific IgG antibodies
in mouse serum, polystyrene microtiter plates (Nunc) were coated
with ovalbumin (100 g/ml) and horseradish-conjugated goat anti-
mouse IgG (Jackson ImmunoResearch) was used for detection.
Ovalbumin immunization and in vitro restimulation
Mice were subcutaneously injected with 100 g of ovalbumin emulsified in incomplete Freund’s adjuvant (Invivogen). After 14 days,
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the spleen and serum were isolated for further analysis of antibody
production by ELISA and proliferation of antigen-specific T cells by
in vitro restimulation and 3H-thymidine incorporation.
Adoptive transfer studies
Isolated splenocytes were sorted accordingly on the basis of CD4
and CD8 staining. A minimal purity of 98% was confirmed, and
appropriate cell populations were mixed in a 1:1 ratio. A total of 2 × 106
cells were intraperitoneally injected into Rag1−/− recipient mice.
Animals were euthanized 21 days after injection, and secondary
lymphatic organs were analyzed for T cell numbers, subsets, and
origin (CD45.1 versus CD45.2).
Transfer colitis and protection
Splenocytes were sorted on the basis of CD4-PE and CD45Rb-FITC
staining for CD4+ CD45RBhi and CD4+ CD45RBlo, as described
previously (23). A minimum purity of 98% was ensured. For the
induction of transfer colitis, Rag1−/− received 0.5 × 106 CD45Rbhi
cells from either L2/L2 or cKO mice by intraperitoneal injection.
For transfer colitis protection experiments, Rag1−/− animals were
intraperitoneally injected with 0.5 × 106 CD4+ CD45Rbhi cells from
Ly5.1 donor mice and 0.25 × 106 CD4+ CD45Rblo T cells from either
L2/L2 or cKO mice. In both experiments, body weight was recorded
to monitor disease progression and estimate colitis severity. Animals were euthanized once most of the mice reached a critical
weight loss of 20%. Cells from secondary lymphatic organs were
isolated, stained for CD4 and CD45.1, and analyzed by flow cytometry. CD4+ CD45.1− cells were considered as repopulating donor T cells.
LCMV infection and virus-specific T cell cytotoxicity
Mice were intravenously injected with 2.5 × 105 plaque-forming
units of LCMV strain WE in phosphate-buffered saline and euthanized at day 6, 8, or 10, respectively. For characterization and intracellular staining, T cells were isolated from spleen and mesenteric
lymph node and stained as described above. Virus titers were analyzed in different organs using plaque assay, as described previously
(41). For the detection of virus-specific cytotoxic T cells, EL4 thymoma cells were labeled with 3H-thymidine (10 Ci/ml) overnight
and pretreated with gp33 or adn5 peptide. Effector cells were mixed
with 2 × 104 target cells in triplicate at the indicated effector:target
ratio for 16 hours before the 3H-thymidin content was determined
by scintillation counting. DNA fragmentation was calculated as previously described (16).
Study approval
All animal experiments were performed in accordance with
German animal experimentation regulations approved by the Ethics
Review Board of the Regierungspräsidium Freiburg. The G*Power
software was used to predetermine sample size of all animal
experiments.
Statistics
Values reported are means ± SD. Statistical significance was determined by unpaired two-tailed Student’s t test using Prism (version
6.0b, GraphPad). Where indicated, one-way analysis of variance
(ANOVA) with Bonferroni’s multiple comparisons test was used.
P values are indicated as follows: *P < 0.05, **P < 0.01, and ***P < 0.001.
Confidence interval was set to 95%.
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Fig. S1. Nr5a2 expression in immature and mature T lymphocytes. Nr5a2 mRNA expression (A) in endodermal
tissue (liver: n = 12; intestine: n = 5) as well as primary and secondary lymphoid organs (thymus: n = 4; spleen: n =
10; mesenteric lymph nodes (mLN): n = 3), (B) in sorted thymocytes (CD4-CD8-: n = 7; CD4+CD8+: n = 7; CD4+: n
= 8; CD8+: n = 7) of C57BL/6 wild type mice; (C) in sorted splenocytes (CD4+: n = 9; CD8+: n = 7) of C57BL/6 wild
type mice; (D) NR5A2 expression in human cell lines (Caco2: n = 3; HepG2: n = 3; CEM: n = 5; Jurkat lT: n = 11;
MOLT-4: n = 7) and freshly isolated human peripheral blood mononuclear cells (PBMCs) (n = 9 biological
replicates). Actb or GAPDH was used as housekeeping gene, respectively. Mean values ± S.D. are shown in each
graph. * p<0.05, ** p<0.01, *** p<0.001.

Fig. S2. Minor impact of Nr5a2 deletion on immature T lymphocytes. (A) Representative picture of Nr5a2L2/L2
(L2/L2, ctrl) and Nr5a2L2/L2 CD4-Cre (cKO) thymi. (B) Thymus organ weight relative to body weight. (C) Thymus
cellularity (n = 12 mice per group). (D) Representative density plots of CD4+ and CD8+ thymocytes in L2/L2 and
cKO mice. Numbers indicate percentage of cells. Mean values ± S.D. and individual values are shown in each graph.
* p<0.05, *** p<0.001, ns: not significant. Photo credit: Carina Seitz, university of Konstanz.
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Fig. S3. Reduced mature T cells in axial and mesenteric lymph nodes of LRH-1–deficient mice. (A-C) Relative
distribution of CD3+ (A) B220+ (B) or NK1.1+ (C) cells in axial lymph nodes (axLN) of L2/L2 and cKO mice. (D)
Representative flow cytometry density plots of CD8+ and CD4+ T cells in axLN of L2/L2 and cKO mice. Numbers
indicate percentage of lymphocytes. (E-F) Relative distribution of CD3+CD4+ and CD3+CD8+ T lymphocytes in
axLN. (G-I) Relative distribution of CD3+ (G), B220+ (H), or NK1.1+ (I) cells in mesenteric lymph nodes (mLN) of
L2/L2 and cKO mice. (J) Representative flow cytometry density plots of CD8+ and CD4+ T cells in mLN of L2/L2
and cKO mice. Numbers indicate percentage of lymphocytes. (K-L) Relative distribution of CD3+CD4+ (K) and
CD3+CD8+ (L) T lymphocytes in mLN. Mean values + SD are shown. Each symbol represents one animal. * p<0.05,
** p<0.01, *** p<0.001, ns: not significant.
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Fig. S4. Efficiency of LRH-1 deletion in immature and mature T cells. (A to D) mGFP Cre-reporter expression
indicating LRH-1 deletion efficiency in CD4-CD8- (A), CD4+CD8+ (B), CD4+ (C) and CD8+ (D) thymocytes in
L2/L2 or cKO mice. (E) Representative fluorescence pictures of spleen sections showing tdTomato and mGFP
fluorescence in L2/L2 and cKO mice. Scale bar 150 Pm. (F to H) mGFP Cre-reporter expression indicating LRH-1
deletion efficiency in CD4+ and CD8+ splenic (F), axial lymph node (axLN) (G), and mesenteric lymph nodes (mLN)
(H) T cells. Mean values + SD are shown. Each symbol represents one animal.

Fig. S5. Apoptosis induction in LRH-1–deficient thymocytes. (A to D) Thymocytes from control L2/L2 or cKO
mice were treated with increasing doses of dexamethasone (Dex) (A), etoposide (Etop) (B), staurosporine (Stauro)
(C) or plate bound anti-CD3 antibody (αCD3) (D) for 8 h, and apoptosis in CD4+ and CD8+ thymocytes was analyzed
by Annexin-V staining.
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Fig. S6. Apoptosis induction in LRH-1–deficient splenocytes. (A to D) L2/L2 and cKO splenocytes were treated
with (A) dexamethasone (Dex), (B) staurosporine (Stauro), (C) etoposide (Etop) or plate bound anti-CD3ε antibody
(D) for 8 h and apoptosis was analyzed in CD4+ or CD8+ T cells by Annexin-V staining. (E and F) Spleen cells from
L2/L2 or cKO mice were stimulated with (E) ConA or (F) anti-CD3/anti-CD28 and cell death in CD4+ or CD8+ T
cells was analyzed by Annexin-V staining at time points indicated. Mean values + SD of triplicates of representative
experiments (n = 3 mice) are shown. * p<0.05, ** p<0.01, *** p<0.001.

Fig. S7. Homeostatic expansion is impaired in LRH-1–deficient T cells. (A and B) Sorted CD45.2+ CD4+ and
CD8+ L2/L2 or cKO T cells were adoptively transferred together with CD45.1+ wild type T cells at equal ratios into
Rag1-/- mice. After 21 days CD45.2+ CD4+ and CD8+ T cell distributions in spleen (A) or mesenteric lymph nodes
(mLN) (B) were analyzed (n = 6-7 mice). * p<0.05, ** p<0.01, *** p<0.001, ns: not significant.
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Fig. S8. Impaired ovalbumin-induced T cell expansion and antibody production in LRH-1–deficient mice. (A)
L2/L2 and cKO mice were immunized with ovalbumin, and ex vivo proliferation after re-stimulation of spleen cells
with indicated concentrations of ovalbumin was measured by 3H-thymidine incorporation after 14 days. Mean values
of triplicates + SD of a representative experiment (L2/L2 PBS: n = 1; cKO PBS: n = 1; L2/L2 OVA: n = 4; cKO
OVA: n =2). (B) Pooled results of three individual experiments (L2/L2 PBS: n = 3; cKO PBS: n = 3; L2/L2 OVA: n
= 13; cKO OVA: n = 11 mice). (C) Anti-ovalbumin ELISA of serum dilutions from control or ovalbumin-injected
L2/L2 or cKO mice at day 14 post immunization (L2/L2 PBS: n = 6; cKO PBS: n = 6; L2/L2 OVA: n = 13; cKO
OVA: n= 11). * p<0.05, ** p<0.01, *** p<0.001.
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Fig. S9. Reduced Tregs function of LRH-1–deficient T cells. (A) Scheme of transfer colitis induction in Rag1-/recipient mice and CD4+CD45Rblo T cell-mediated protection. (B) Colitis-induced loss of body weight and regulatory
T cell-induced protection. Colitogenic Ly5.1 CD4+CD45Rbhi T cells were transferred to Rag1-/- recipient, alone
(Ly5.1, n = 6), or in combination with CD4+CD45Rblo cells from L2/L2 (n = 12) or cKO mice (n = 13). (C to E)
Representative histologies of colon samples from colitis-induced mice (Ly5.1, control) (C), or after transfer of
protective CD4+CD45Rblo cells from L2/L2 (d) or cKO mice (C). Scale bar 150 Pm. (F and G) Repopulation of
Rag1-/- recipient spleen (F) or mesenteric lymph node (mLN) (g) by donor CD4+CD45Rblo L2/L2 (n = 12) or cKO T
cells (n = 4). (H to J) mRNA expression of the pro-inflammatory cytokines IFNγ (h), IL-1β (I) and TNFα (J) in colon
samples (ctrl: n = 6; Ly5.1: n = 5; L2/L2: n = 12; cKO: n = 9). * p<0.05, ** p<0.01, *** p<0.001, ns: not significant.
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Fig. S10. Activation and cytotoxicity of LRH-1–deficient CD8+ T cells. (A) L2/L2 (closed symbols) and cKO mice
(open symbols) were infected with LCMV, and CD8+ T cells from mesenteric lymph nodes were analyzed for CD25
expression (0 days post infection (dpi): n = 11; 6 dpi: n = 9; 8 dpi: n = 6 mice). * p<0.05, ** p<0.01, *** p<0.001.
(B) Serum IFNγ levels in L2/L2 (black bars) and cKO (white bars) mice after LCMV infection (0 dpi: n = 8; 6 dpi: n
= 9; 8 dpi: n = 3; 10 dpi; n = 7 mice). (C) mRNA expression of granzyme B (Gzmb) (0 dpi: n = 5; 6 dpi: n = 5; 8 dpi:
n = 6; 10 dpi: n = 2 mice). (D) LCMV-specific cytotoxicity of sorted CD8+ T cells (n = 3 mice; pooled T cells)
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Abstract
Liver receptor homolog-1 (LRH-1, NR5A2) is an orphan nuclear receptor with
widespread activities in the regulation of development, stemness, metabolism,
steroidogenesis, and proliferation. Many of the LRH-1-regulated processes target the mitochondria and associated activities. While under physiological conditions, a balanced LRH-1 expression and regulation contribute to the
maintenance of a physiological equilibrium, deregulation of LRH-1 has been
associated with inflammation and cancer. In this review, we discuss the role
and mechanism(s) of how LRH-1 regulates metabolic processes, cell survival,
and cancer in a nuclear-mitochondrial crosstalk, and evaluate its potential as a
pharmacological target.
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1 | INTRODU CTI ON : LI VE R
RECEPTOR HOMOLOG-1 IN
HEALTH
Liver receptor homolog-1 (LRH-1, NR5A2) is a member
of the nuclear receptor (NR) superfamily, a diverse set of
evolutionary-related transcription factors. The human
genome encodes for 48 NRs that are characterized by
their ability to bind specific small hydrophobic ligands,
including steroid and thyroid hormones, certain vitamins
as well as fatty acids.1 Given that these lipophilic ligands
are able to cross cellular membranes, NRs act as sensors
of extracellular stimuli and link them to intercellular signaling by regulating the expression of critical signaling
molecules or enzymes. They are key regulators of a plethora of genes that are implicated in diverse physiological
and pathophysiological processes, many of them involving mitochondrial processes.2 Targeting the activity of
NRs with known ligands and inhibitors has therefore
been a successful therapeutic approach to treat metabolic, autoimmune, and cancerous diseases for many
years.
The human LRH-1 gene consists of eight exons spanning a 150 kb region located on chromosome 1q32.11.3,4
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Belonging to the NR subclass 5A (NR5A), the LRH-1 protein harbors a Drosophila fushi tarazu factor 1 (Ftz-F1)
box. This highly conserved stretch of 26 amino acids is a
unique feature of the Ftz-F1 subfamily that accounts for
the specificity of DNA binding.5 Systematic anatomical
profiling of NR expression by Bookout et al. confirmed initial findings that LRH-1 is highly expressed in epithelial tissues of endodermal origin, including the liver, pancreas,
and intestine as well as the ovaries.6 There is, however,
increasing evidence for LRH-1 expression in other organs,
including the hematopoietic system.7,8 Also, recent studies
of our group provided substantial evidence for LRH-1
expression at comparably low levels, but responsible for
vital functions, in different immune cell types.9–11

1.1 | LRH-1 in physiological processes
As a result of its expression in different organs and
context-dependent regulation of target genes, LRH-1
plays a dominant role in a wide variety of physiological
processes, which are summarized in Figure 1 (left). A
crucial role of LRH-1 in embryogenesis is emphasized by
expression of LRH-1 during morphogenesis of the liver,

F I G U R E 1 Functions of LRH-1 in health and disease. LRH-1 regulates the expression of target genes involved in diverse physiological
processes in a context- as well as tissue-specific manner (left). Constantly exhibiting nuclear localization and transcriptional activity, LRH-1
is primarily regulated by interaction with comodulatory factors. One well-described corepressor inhibiting the transcriptional activity of
LRH-1 is the atypical nuclear receptor SHP. Under physiological conditions, SHP is a direct LRH-1 target, providing a negative feedbackloop mechanism for their reciprocal regulation. Overexpression or deregulation of LRH-1, as for example caused by a reduced abundance of
SHP, results in the enhanced expression of LRH-1 target genes. A consequent selective proliferation advantage and improved survival is
known to promote cancer-stimulating inflammation and the transformation of healthy into malignant cells (right). These processes are
likely supported by the simultaneous increase in mitochondrial metabolic enzyme expression and overall cellular energy production. The
LRH-1-regulated expression of mitochondrial steroidogenic enzymes and hence synthesis of immunosuppressive steroid hormones could
further dampen cancer-directed immune responses and thus allow escape from tumor immune surveillance. LRH-1, liver receptor homolog1; SHP, small heterodimer partner
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pancreas, and intestine, and early embryonic lethality of
LRH-1-deficient mice.12,13 Promoting the gene expression
and activity of self-renewal and pluripotency factors, such
as Nanog and Oct-4, LRH-1 is part of genetic regulatory
networks fundamentally involved in maintaining
stemness and pluripotency of embryonic stem cells.14,15
In the liver and pancreas of adult organisms, LRH-1
mainly regulates metabolic processes. It governs the
expression of several hepatic enzymes that are involved
in bile acid metabolism, reverse cholesterol transport,
and glucose homeostasis, as reviewed by Stein et al.16 In
the pancreas, LRH-1 and pancreas transcription factor
1-L (PTF1-L) coregulate synthesis and secretion of the
digestive fluid by controlling the expression of a set of
genes encoding for pancreatic digestive enzymes and
secretory proteins.17 LRH-1 further plays an important
role in reproduction, as it is a regulator of multiple mechanisms essential for maturation of ovarian follicles and
ovulation. This includes the transcriptional control of
mitochondrial steroidogenic acute regulatory protein
(StAR) and cytochrome P450 side-chain cleavage
(P450scc, Cyp11a1). Both proteins being crucial for mitochondrial steps of steroidogenesis,18 this provides a direct
functional link between the nuclear transcriptional activities of LRH-1 and mitochondrial functions. Similarly,
LRH-1 is responsible for the expression of the mitochondrial steroidogenic enzymes Cyp11b1 (P450c11) and
Cyp11a1 in the intestinal epithelium. Combining in vitro
and in vivo approaches, a study by Mueller et al. showed
that LRH-1 is essential for the synthesis of immunoregulatory glucocorticoids (GCs) in the intestinal epithelium,
and is thus of particular importance for the regulation of
local immune homeostasis and intestinal tissue integrity.19 This is highlighted by the findings that LRH1-mediated production of intestinal GCs regulates antiviral immune responses as well as the pathogenesis of
inflammatory bowel disease.20,21 In the intestine, LRH-1
does, however, not only promote extra-adrenal GC synthesis, but also plays an essential role in the regulation of
intestinal stem cell renewal, ensuring intestinal epithelial
barrier integrity. LRH-1 induces proliferation of intestinal
crypt cells by synergistically controlling transcription of
the positive cell cycle regulators c-Myc, and cyclin D1
and E1 in cooperation with beta-catenin. LRH-1 potently
coactivates beta-catenin on the c-Myc and cyclin D1 promoter, whereas beta-catenin is a coactivator of LRH-1 on
the cyclin E1 promoter.22 One of our recent studies demonstrates that LRH-1 is also a critical regulator of
activation-induced proliferation in T lymphocytes, and
thus T cell-regulated immune responses. Similar as in
intestinal cells, LRH-1 promotes T cell proliferation via
the transcriptional regulation of positive cell cycle regulators, including c-Myc and cyclin E1.10
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1.2 | LRH-1 signaling and regulation
In contrast to most NRs, LRH-1 is known to constantly
exhibit nuclear localization and transcriptional activity. It
binds to DNA as a monomer with high affinity for specific response elements with the Ftz-F1-consensus binding sequence ((T/C)CAAGG(T/C)C(A/G)).23,24 The
protein structure of LRH-1, however, follows the common structural NR organization, comprising four conserved motifs: (a) an N-terminal A/B domain that
contains a ligand-independent activation function 1 (AF1); (b) a highly structured DNA-binding domain (DBD)
that contains the Ftz-F1 box; (c) a flexible hinge region
that links the DBD to (d) the terminal hydrophobic,
highly structured and multi-functional ligand-binding
domain (LBD).25,26 The LBD does not only include the
ligand-dependent activation function 2 (AF-2), but also
serves as the major comodulator association region.27 It
is well established that ligand binding leads to a conformational change in the LBD as well as the whole receptor
structure that allows for the interaction of NRs with
coactivator proteins.27 However, for some so-called
“orphan” receptors, no physiological ligands have been
identified yet. Based on the facts that LRH-1 is constitutively active and lacks known endogenous ligands, it has
been classified as an orphan NR. Crystal structure analysis revealed that due to structural rearrangements in its
LBD, LRH-1 exhibits a ligand-independent active conformation permitting constant interaction with NR
coactivator proteins.28 This active state is mainly conferred by a constant repositioning of helix H12, being
tightly packed against further helices of the LBD core.29
LRH-1 activity is thus primarily regulated by interaction
with comodulatory factors as well as post-translational
modifications (PTMs) in a context- as well as tissuespecific manner. Well-described coactivators able to
interact with and increase LRH-1 activity include steroid
receptor coactivator histone acetyltransferases,30 peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1α)31 and multiprotein-bridging factor-1.32
Various studies further showed that LRH-1 also physically interacts with other transcription factors to cooperatively stimulate distinct target gene transcription.
Examples are the already mentioned cooperation of
LRH-1 and beta-catenin in intestinal epithelium
proliferation,22 as well as LRH-1 and PTF1-L in pancreasspecific gene expression.17 LRH-1 further interacts with
the corepressors small heterodimer partner (SHP) in
enterohepatic tissues23 and dosage-sensitive sex reversal,
adrenal hypoplasia critical region on chromosome X, and
gene 1 (DAX-1) in the ovaries.33,34 Binding of these two
closely related atypical NRs to the LBD of LRH-1 precludes binding of coactivators and thereby inhibits its
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transcriptional activity in a tissue-specific manner.35
Noteworthy, SHP is simultaneously a direct transcriptional target of LRH-1, providing a negative feedbackloop mechanism for their reciprocal regulation.36 Furthermore, interactions of LRH-1 with prospero homeobox
protein 1 (PROX-1)37 as well as certain corepressor complexes that are associated with histone deacetylases
(HDAC) potently repress its transcriptional activity.24
Also worth mentioning is a tumor necrosis factor alpha
(TNFα) induced inhibitory interaction of LRH-1 with the
transcription factors c-Jun and nuclear factor κB (NF-κB)
in intestinal epithelial cells.38
In addition to interaction with comodulatory proteins, LRH-1 is subject to PTMs, which do not only affect
its activity, but also subcellular localization and protein
turnover. Phosphorylation of the LRH-1 hinge region by
extracellular signal-regulated kinases (ERK1/2) is known
to stimulate LRH-1 activity.39 ERK1/2 are members of
the mitogen-activated protein kinase (MAPK) superfamily and critically involved in cell proliferation and survival. It is well established that the MAPK signaling
cascade is one of the most commonly deregulated pathways in human cancers.40 Aberrant ERK 1/2 activity, for
example, in epidermal growth factor receptor or Ras
mutant tumors, may possibly result in constitutively
phosphorylated and thus active LRH-1 that might contribute to mitogenic signaling in tumors cells.
Contrary, covalent modification with small ubiquitinrelated modifier (SUMO) peptides reduces LRH-1 activity
by different mechanisms. On one hand, SUMOylation
leads to translocation of LRH-1 from the active chromatin regions to nuclear bodies41 and on the other hand stabilizes interaction with corepressors, such as PROX1.42 In
a similar way, a complex composed of SHP and the
HDAC sirtuin 1 was shown to bind acetylated LRH-1,
suppressing its transactivation capacity.43 A recent publication further demonstrated that LRH-1 protein stability
is regulated via ubiquitination and subsequent
proteasomal degradation.44
Since LRH-1 is considered an orphan NR, extensive
research had been conducted in recent years to identify
endogenous as well as synthetic LRH-1 ligands. Krylova
et al. were the first to discover that different types of
phospholipids, including phosphatidyl choline and phosphatidyl inositols, can bind to a conserved cluster of residues in the LBD of LRH-1 in vitro, which is required for
maximal LRH-1 activity.45 It was further shown that specific mutations within the ligand-binding pocket of
LRH-1 reduce the binding of phospholipid agonists and
the subsequent interaction with coactivators, resulting in
diminished LRH-1 activity.46 These first structural analyses from 2005 were followed by several publications
that confirmed initial findings and identified a number of
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natural phospholipids that enhance the transcriptional
activity of LRH-1 in vitro as well as in vivo by altering
interaction with coregulators. Of particular interest in
this context is dilauroyl phosphatidylcholine (DLPC), a
potent LRH-1 agonist in vitro.47 Furthermore, in an
LRH-1-dependent manner, DLPC exhibits strong antidiabetic effects in two independent in vivo mouse models
of obesity-associated insulin resistance.48 In addition to
phospholipids, several synthetic small molecules, such as
substituted cis-bicyclo[3.3.0]-oct-2-enes (RWJ101),49 have
also been identified that bind to the LBD of LRH-1 and
enhance its activity in vitro. The small LRH-1 agonist
BL001, which was recently developed by CoboVuilleumier et al., does not only attenuate but also prevent development of chemically and autoimmuneinduced diabetes in mice, while apparently not having
any undesirable side effects. Furthermore, BL001 protects
beta cells in islets of type 2 diabetic patients from apoptosis and enhances their insulin secretion capacity
in vitro.50
Together with recent advantages in the development
of even more potent and selective LRH-1 agonists,51 all
these findings highlight the promising perspective that
LRH-1 could be a druggable target in treating human
metabolic diseases, such as diabetes. Also low molecular
substances that similarly bind to the LBD of LRH-1, but
lead to inactivating structural rearrangements, could be
highly interesting tools to modulate LRH-1 activity. It
would thus not only be possible to stimulate LRH-1 in a
specific context, such as diabetes, where its enhanced
activity has beneficial effects, but also to inhibit LRH-1 in
diseases were its activity is undesired. Already several
small molecules have been discovered that potently
inhibit LRH-1 and possibly have great potential in LRH1-based cancer therapy, which will be discussed in detail
in the following. However, keeping in mind that this
transcription factor has multiple tissue-specific functions,
it is difficult to predict whether stimulation or repression
of LRH-1 activity could be sufficiently fine-tuned to have
therapeutic benefits, while not causing adverse side
effects.

2 | L R H - 1 A S A N ON C O G E N E A N D
ASSOCIATED FUNCTIONS I N
CANCER
Many of the above-described functions of LRH-1 that are
important for normal embryonic development and physiology in the adult organism are also associated with cancer when deregulated. As summarized in Figure 1 (right),
overexpression or deregulation of LRH-1 activity can
result in enhanced cellular proliferation and survival.
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Defects in these regulatory circuits are known to contribute to the transformation of healthy into malignant cells,
and acquisition of functions that are considered as “hallmarks of cancer.”52 A selective proliferative advantage as
a consequence of elevated LRH-1 activity likely favors
progression, aggressiveness, and growth of solid tumors.
Simultaneously, an altered response to cellular stress
improves the overall survival of tumor cells that are challenged with cytotoxic stimuli, including cell deathinducing drugs or attack by infiltrating immune cells.
The LRH-1-regulated tumor-specific synthesis of immunosuppressive GCs would further shape the tumor microenvironment, dampen immune responses, and thus allow
escape from tumor immune surveillance.53 In addition,
the effect of enhanced metabolic enzyme expression due
to elevated LRH-1 activity might not be underestimated
in the context of cancer progression. The consequential
increase in the overall cellular energy metabolism is
closely related to modulation of mitochondrial functions.
It is perfectly conceivable that this process ensures an
energy supply that is sufficient to meet the massive anabolic demands of cancer cells, concomitant with all of the
above-described processes.
Considering all possible consequences of increased
LRH-1 activity, it comes as no surprise that indeed a great
number of clinical as well as scientific studies were able
to provide evidence for overexpression and implication of
LRH-1 in different types of human cancer, including pancreatic, breast, liver, gastric, and colon cancer.54–58 In this
context, there has recently been growing interest in the
role of certain small noncoding RNA molecules that
under physiological conditions repress LRH-1 expression.
Reduced levels of such tumor-suppressing microRNAs
inversely correlate with enhanced LRH-1 transcription
and activity in breast59 and colon cancer.60,61 Similar correlations were, however, also established in cancers
where only little is known about the contribution of
LRH-1, such as hepatocellular carcinoma (HCC),62 nonsmall cell lung cancer (NSCLC)63 and osteosarcoma.64
With a particular focus on proliferation, evidence for the
rather well studied role of LRH-1 in human pancreatic,
breast and intestinal cancers will be reviewed in the
following.
In pancreatic cancer, single nucleotide polymorphisms in the LRH-1 gene were linked to increased cancer risk,65–67 and high LRH-1 mRNA levels were
identified as a prognostic biomarker for poor survival
rates.68 Immunohistochemistry revealed LRH-1 overexpression in pancreatic tumors in comparison to adjacent healthy pancreas, and LRH-1 was similarly
overexpressed as well as activated in tumor cells in comparison to healthy pancreatic epithelial cells.8,69 Several
independent research groups provided evidence that this
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promotes growth of pancreatic cancer cells by increased
expression of LRH-1 target genes involved in proliferation, including c-Myc, and cyclin D1 and E1.8,54 It was
further shown that LRH-1 overexpression increases the
metastatic potential as well as invasion of pancreatic cancer cells, contributing to a more aggressive malignant
phenotype.70
A similar correlation had been established between
LRH-1 and breast cancer, which in the majority of cases
is driven by deregulated estrogen signaling that promotes
breast cancer cell proliferation.71 Interestingly, LRH-1 is
not only abnormally expressed in over 40% of breast cancer cases, but correlates also positively with the status of
estrogen receptor α (ERα).72 This might be explained by
the findings that LRH-1 is a direct target gene of the
ERα73 and the ERα vice versa an LRH-1 target gene,74
likely resulting in a positive feedback loop. ERαresponsive genes often comprise shared binding sites for
both transcription factors and are thus coregulated by
ERα and LRH-1.75 Thus, enhancing the expression of
ERα target genes, such as growth regulation by estrogen
in breast cancer 1, is one mechanism by which LRH-1
promotes proliferation of breast cancer cells.76 In addition, LRH-1 contributes to ERα activation and estrogendependent proliferation by regulating the expression of
aromatase (CYP19), a steroidogenic enzyme that is
required for the estrogen production.72 The LRH1-mediated aromatase upregulation seems to be at least
partially induced by tumor-derived prostaglandin E2
(PGE2), a major driver of aromatase expression in breast
cancer.77 Together with sphingosine-1-phophate, a bioactive lipid implicated in breast cancer,78,79 PGE2 induces
LRH-1 mRNA expression by recruitment of multiple
transcriptional activators to the LRH-1 promoter.80 Interestingly, these also include LRH-1, which was shown to
significantly induce its own expression at least in this cellular context.80 In line with this, the presence of a potential LRH-1 response element located within its own
promoter region 89 bp upstream of the start codon could
be confirmed.81 Apart from contributing to the continuous estrogen biosynthesis in breast cancer, this suggests a
positive feedback loop for LRH-1 expression and activity.
One could certainly assume that this also promotes other
oncogenic functions of LRH-1 in breast cancer, but possibly also other types of cancer. in vitro silencing and overexpression studies revealed that LRH-1 further promotes
breast cancer cell proliferation by cyclin D1 induction82
and p21 repression.83 The universal cyclin-dependent
kinase inhibitor p21 is a major target and mediator of
p53 signaling that induces growth arrest, differentiation,
or senescence upon cellular and especially DNA
damage.84–86 Interfering with these tumor-suppressive
functions of p21, LRH-1 favors the proliferation of cells
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that might contain damaged DNA, which is thought to
be an underlying cause for cancer initiation.87 Additionally, increased LRH-1 activity promotes the migratory
properties and invasiveness of breast cancer cells
in vivo.88 A clear association between LRH-1 expression
patterns with breast cancer phenotype and aggressiveness
was discovered only recently by immunohistochemistry
analysis of patient samples.55
Being involved in proliferation and renewal of intestinal epithelial cells, implication and enhanced expression
of LRH-1 was unsurprisingly also confirmed in gastric57
and colon cancer.89 Quantification of LRH-1 expression
in colon cancer tissue by Wu et al. revealed that LRH-1
expression was not only abnormally elevated, but also
correlated with stage, invasiveness, and metastasis in
colon cancer. They were further able to prove that LRH-1
expression is associated with poor prognosis and a low
5-year survival rate, and proposed LRH-1 as a prognostic
marker in colon cancer.58 It is well established that one
of the key determinants of colon cancer pathogenesis is
beta-catenin.90 It is part of the Wingless and INT-1
(WNT) signaling cascade, a pathway that is hyperactivated in almost all colon cancer cases.91 The
described interaction of LRH-1 with beta-catenin contributes to intestinal tumor formation by synergistic induction of the cell cycle-initiating cyclins D1 and E1, as well
as c-Myc resulting in an enhanced proliferative potential
of intestinal cancer cells.92,93 All three of these cell cycle
regulators are frequently overexpressed in human gastrointestinal tumors, with especially c-Myc being a classic
proto-oncogene promoting the generation of cancer cells
with a massive self-renewal capacity.94–97 In their
cutting-edge paper of 2005, Schoonjans et al. further
showed that LRH-1 haploinsufficieny mitigates tumorigenesis and inflammatory TNFα expression in genetic or
chemical mouse models of human colon carcinogenesis.98 Confirming the pro-proliferative role of LRH-1 in
intestinal tumors, RNA interference-mediated LRH-1
knockdown impairs proliferation and prolongs the
G0/G1 phase of colorectal cancer cells.99 Similar to observations made in the context of breast cancer, deregulated
LRH-1 activity promotes colon cancer by the transcriptional repression of p21.89
Even though less well studied up to now, LRH-1 deregulation is also associated with tumorigenesis of HCC,100–102
gastric cancer,92,93 Barrett's-associated adenocarcinoma,103
prostate cancer,104 and NSCLC.63,105,106 However, the
mechanisms that underlie LRH-1-regulated proliferation
seem to be common among all cancer types analyzed:
induction of c-Myc, cyclin D1/E1, and WNT/beta-catenin
signaling. Simultaneously, by repressing p21 transcription,
LRH-1 promotes carcinogenesis and development of cancerous cells. Because of these critical functions in multiple
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types of tumors, LRH-1 represents an attractive therapeutic
target in cancer therapy. In particular, because it further
improves survival of tumor cells in a cell autonomous as
well as indirect, cell nonautonomous manner, which will
be discussed in detail in the following chapters. Targeting
LRH-1 will thus not only be useful to decelerate proliferation but also specifically induce cell death of cancer cells.

3 | LRH-1 AS A REGULATOR OF
C E L L S UR V I V A L A N D
M I T O C H O N D R IA L AP O PT O S I S
Apart from sustained proliferative signaling and insensitivity to growth suppression also evasion of programmed
cell death (apoptosis) is, among others, a classical “hallmark of cancer” as defined in the seminal article by
Weinberg and Hanahan.107 Beyond important functions
during development and tissue homeostasis, apoptosis
ensures the elimination of cells, which are damaged
beyond repair or overexpress oncogenes, to prevent their
malignant transformation. In contrast to necrosis, a
rather uncontrolled form of cell death, apoptosis is a
tightly regulated process that can be triggered by different
stimuli and is thus a highly important target in cancer
therapy. Apoptotic cell death is either initiated by the
mitochondrial (intrinsic) or the extrinsic pathway, both
resulting in the activation of apoptosis-executing proteases, called caspases.108 The extrinsic apoptosis pathway
is initiated by interaction of death ligands with their
respective cell-surface death receptors (DRs) of the tumor
necrosis factor (TNF) receptor (TNFR) family, including
TNFR1, Fas and TNF-related apoptosis-inducing ligand
(TRAIL) receptors 1/2. Ligand-binding results in the
recruitment of a caspase-activating platform that brings
multiple monomers of the initiator caspase 8 into close
proximity, at the intracellular region of DRs. This stimulates the proteolytic activity of recruited caspase 8 molecules, ultimately resulting in their auto-proteolytic
activation.109 The intrinsic apoptosis pathway is initiated
upon various cellular stress stimuli, including DNA damage, endoplasmic reticulum (ER) stress or absence of
growth factors. In a cell-autonomous manner, these processes
trigger
mitochondrial
outer
membrane
permeabilization (MOMP), which is the key event and
(usually) point of no-return of mitochondrial apoptosis.110 MOMP is a highly controlled process that is mainly
orchestrated by proteins of the Bcl-2 family. These are
characterized by containing at least one or more eponymous Bcl-2 homology (BH) domains facilitating their
interaction. In general, the Bcl-2 family can be subdivided into three groups: (a) antiapoptotic Bcl-2 proteins, including Bcl-2, Bcl-xL, and Mcl1, that counteract
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MOMP by binding to and thus inhibiting pro-apoptotic
family members; (b) the pro-apoptotic effectors Bax and
Bak, that upon activation integrate, oligomerize, and
form pores in the mitochondrial outer membrane;
(c) BH3-only proteins like Bim, Bid, Puma, and Noxa,
which are direct activators of Bax/Bak and/or block antiapoptotic Bcl-2 family members.111,112 Various signaling
pathways regulate the relative abundance as well as
activity of BH3-only proteins, making them important
upstream sensors that fine-tune the antagonizing forces
between antiapoptotic and pro-apoptotic Bcl-2 proteins
during apoptotic signaling. Pro- and antisurvival signals
are thus integrated by the highly complex interactome
and balance of Bcl-2 family members, deciding over the
cellular fate by controlling integrity of mitochondria.113
Activation of Bax/Bak and subsequent MOMP is associated with the release of certain pro-apoptotic mitochondrial proteins, such as cytochrome c.110 Once in the
cytosol, cytochrome c facilitates the ATP-dependent
assembly of another caspase-activating platform, called
apoptosome. Similar to the DISC, the apoptosome facilitates the spatial proximity of pro-caspase 9 monomers
and subsequent auto-proteolysis-induced activation.114 In
simplified terms, activation of initiator caspases 8 or 9 culminates in the processing and thereby activation of
caspases 3 and 7. These effector caspases themselves can
process hundreds of intracellular proteins, ultimately
leading to the coordinated fragmentation of the cell.115 It
is further widely accepted that there is a crosstalk
between the extrinsic and intrinsic apoptosis pathway.
This is particularly important in certain cell types (type
2 cells), like hepatocytes, that rely on the amplification of
the extrinsic, DR-mediated signal via the mitochondrial
pathway to undergo apoptosis.113 Being absolutely central in stress-induced apoptotic signaling, mitochondria,
the Bcl-2 family and other components of the intrinsic
apoptosis pathway are thus classic targets in cancer chemotherapy, commonly aiming to trigger mitochondrial
apoptosis in highly proliferating cells. Prominent examples are cytostatic compounds, such as doxorubicin, that
cause DNA damage and genotoxic stress during replication.116 The concomitantly activated tumor suppressor
p53 directly regulates the transcription of the BH3-only
proteins Puma and Noxa.117 All processes and factors that
in any way influence elements of the apoptotic signaling
cascades have apoptosis-regulating function and could
thus be considered as potential therapeutic targets in cancer therapy. This also includes nuclear transcription factors that regulate the expression and thus abundance of
for example, Bcl-2 family members and other pro- or
antiapoptotic proteins.
Reviewing the effects of LRH-1 inhibition and deletion on the entire organism, certain tissues or specific cell
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types, indicates that LRH-1 has to be such a regulator of
apoptotic cell death and survival. As mentioned before,
systemic homozygous LRH-1 deletion results in embryonic lethality with embryos dying at E.6.5–7.5. At this
time point, striking anomalies and malformations can be
observed that are indicative of visceral endoderm dysfunction.12 Tissue-specific or heterozygous deletion of
LRH-1 does, however, not affect embryonic development,
but results in a functional deficiency, exacerbated inflammatory response and increased cell death in certain tissues, including the intestine21,118 and liver.119–123 In
2018, Bayrer et al. were not only able to demonstrate a
crucial role of LRH-1 in maintenance of the intestinal
epithelium, but also its involvement in cell death and survival pathways. Using different ex vivo and in vivo
approaches, they showed that intestine-specific LRH-1
knockout reduces Notch signaling, a pathway important
for renewal of adult tissues,124 while simultaneously
increasing spontaneous intestinal crypt cell death. Upon
acute deletion of LRH-1, a rapid induction of cell death
was observed in murine intestinal organoids. Interestingly, this was accompanied by elevated levels of activated caspase 3, suggesting induction of apoptotic
signaling. And indeed, LRH-1 deletion evoked significant
changes in genes implicated in survival as well as apoptosis signaling pathways.118
In T cells, LRH-1 deletion results, apart from causing
prominent proliferation defects, in elevated basal cell
death as well as increased cell death in response to mitogenic stimuli.10 Moreover, we recently identified Fas
ligand (FasL), a cytotoxic T cell effector molecule and
death ligands, as an LRH-1 target gene. We observed
reduced activation-induced FasL expression in response
to pharmacological LRH-1 inhibition. This not only limits
the capacity of cytotoxic T cells to activate the extrinsic
apoptotic pathway in other target cells but also prevents
FasL-mediated, cell-autonomous activation-induced T
cell apoptosis.9 In primary murine macrophages and
macrophage cell lines, we observed that LRH-1 inhibition
and knockdown impairs the production of proinflammatory cytokines. Similarly, the macrophagedependent production of TNFα and concomitant triggering of hepatocyte apoptosis was markedly reduced after
LRH-1 inhibition in a murine hepatitis model in vivo.11
Taken together these findings suggest that LRH-1 is regulating apoptotic processes also in cells of the hematopoietic system. On one hand, LRH-1 seems to regulate
apoptosis directly, in a cell-autonomous manner, but on
the other hand also affects the expression of death
ligands, and thus induction of the extrinsic apoptotic
pathway in neighboring or target cells.
A role of LRH-1 in apoptotic signaling was also confirmed by studies that vice versa analyzed the protective
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effects mediated by experimental LRH-1 upregulation.
For example, overexpression of LRH-1 protected intestinal organoids from cell death induced by Fluorouracil, a
common chemotherapeutic drug promoting intestinal
toxicity. Similarly, TNFα-induced inflammation and apoptosis can be suppressed by LRH-1 overexpression in
intestinal organoids derived from tissue samples of
healthy individuals and patients with Crohn's disease.118
Based on the facts that reduced LRH-1 activity triggers spontaneous apoptosis, whereas enhanced LRH-1
levels protect from cell death-inducing stimuli, it can be
assumed that LRH-1 is critically involved in the survival
and apoptosis protection of different cell types. It thus
seems very likely that there is a link between LRH-1 and
mitochondria, which can be seen as a central element in
ensuring cellular energy supply and survival. Discussing
the concept of LRH-1 being a regulator of mitochondrial
functions and apoptotic signaling will help to explain
how overexpression of LRH-1 contributes to cancer cell
survival.

3.1 | Cell-autonomous role of LRH-1 in
mitochondrial functions and apoptotic
signaling
3.1.1

|

Metabolic reprogramming

Certainly, resistance to apoptotic cell death induction is
directly or indirectly coupled to a deregulation of cellular
energetics and metabolism, another “hallmark of cancer.”52 Being a critical regulator of diverse metabolic processes, it is thus only reasonable to hypothesize that
LRH-1 overexpression, resp. deregulation could be
involved in this process. Enhanced energy production
and metabolic reprogramming is indispensable in order
to meet the massive energy demands that come along
with the increased anabolic requirements in cancer cells.
This ensures synthesis of proteins that are vital for a
rapid proliferation and survival, which in turn also opens
perspectives for therapeutic targeting of cancer cells. One
interesting example is thiazolides. Although initially
developed as antiparasitic drugs, they also have anticancer activity by promoting energy depletion in colorectal
cancer cells via direct inhibition of mitochondrial oxidative phosphorylation. This interference with bioenergetic
processes selectively induces cell cycle arrest, prior to
Bim-mediated apoptosis in tumor cells, thus contributing
to the anticancer activity of thiazolides.53,125
In the context of metabolic transformation of tumor
cells, the Warburg effect is probably the best described
phenomenon. It is defined as a switch from ATP generation via mitochondrial oxidative phosphorylation to
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aerobic glycolysis that refers to the fermentation of glucose to lactate in the presence of oxygen.126 Even though
many cancer cells run on Warburg metabolism, most use
also and/or are even depending on mitochondrial respiration. Hosting the machinery for the tricarboxylic acid
(TCA) cycle, fatty acid β-oxidation (FAO), and oxidative
phosphorylation, mitochondria are best known for their
functions in cellular bioenergetics and ATP production.
However, mitochondria are also important biosynthetic
and signaling organelles. They act as sensors for cellular
stress and allow eukaryotic cells to rapidly adapt to
changes in the environment. Mitochondria are thus associated with survival, transformation and tumorigenesis.127 Alteration or more specifically increase in cellular
mitochondrial mass and ATP production is one aspect
that contributes to survival of cancer cells.127 Mitochondrial biogenesis is primarily regulated by PGC-1α, a
known interaction partner and transcriptional
coactivator of LRH-1.128 Depending on the cancer type,
upregulation of PGC-1α is associated with increased
mitochondrial mass and dependence of cancer cells on
mitochondrial respiration.129 Only recently, it could be
shown that liver-specific LRH-1 deletion results in
reduced mitochondrial biogenesis, DNA copy number,
oxygen consumption rate, and ATP-producing capacity.
Even more intriguing is the finding that activation of
LRH-1 increases the expression of PGC-1α.130 This suggests a positive feedback loop, in which LRH-1 induces
its own coactivator to directly enhance mitochondrial
biomass and function, a process that once deregulated
likely contributes to tumorigenesis. In this regard, it is
interesting that also the LRH-1 target gene c-Myc contributes to an increase in mitochondrial mass.77
Another important trait of cancer cells is a general
metabolic reprogramming that includes changes in lipid
and amino acid metabolism, as well as glucose utilization.131 Some cancer types, as for example leukemia,
heavily rely on FAO to fuel the TCA cycle for energy production.132 This type of metabolic transformation is associated with upregulation of carnitine palmitoyltransferase
(CPT), an enzyme required for mitochondrial fatty acid
import. CPT1C expression promotes FAO and ATP production in cancer cell lines as well as growth of tumors
in vivo. It further confers resistance to therapy and metabolic stress, such as hypoxia or glucose depletion.133 Interestingly, also in this context, there is a clear link to LRH-1.
Knockout and pharmacological gain of function studies
using the LRH-1 ligand DLPC revealed that LRH-1
directly controls the transcription of CPT in primary
murine hepatocytes and cell lines. LRH-1 thus also seems
to be a critical regulator of mitochondrial FAO, which
could contribute to the metabolic transformation, survival,
and apoptosis resistance in certain cancer types.130
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As a result of the Warburg effect and the limited
availability of pyruvate that feeds into mitochondrial
metabolism, cancer cells rely on alternative substrates
that feed into the TCA cycle, and are in this context particularly depend on glutamine. Despite fueling the TCA
cycle, glutamine serves as an important building block
for the synthesis of amino acids, nucleotides, lipids, and
glutathione. Consequently, glutaminolysis is elevated in
glutamine-addicted tumors. This is frequently driven by
upregulation of glutaminases that are involved in the
two-step conversion of glutamine to α-ketoglutarate, the
first and rate-limiting step during glutaminolysis.134
Directly linking LRH-1 to carcinogenesis, Xu et al. demonstrated that LRH-1 is a regulator of mitochondrial glutaminase 2 (GLS2), thus promoting hepatic glutamine
processing, mitochondrial energy metabolism, and cancer
cell proliferation. Importantly, the associated increase in
α-ketoglutarate further stimulates cell growth by activation of mammalian target of rapamycin complex
1 (mTORC1) signaling, which contributes to LRH-1
driven liver carcinogenesis.56
Furthermore, deregulated LRH-1 signaling also appears
to enhance the overall availability of glucose by promoting
the expression of glucose transporters (GLUT), which promote cellular glucose uptake. First evidence for this
hypothesis was provided by a study that analyzed the role
of LRH-1 in muscle metabolism. There, it was reported
that DLPC-induced activation of LRH-1 selectively
increases expression of GLUT4 and thus glucose uptake
promoting glucose preference in muscle cells.135 On top of
that, LRH-1 is a direct transcriptional regulator of tissuespecific hexokinases.121,135 After uptake of glucose by
GLUTs, these enzymes catalyze the phosphorylation of glucose to glucose-6-phophate, the rate-limiting and first step
of glycolysis.136 Whereas hepatocyte-specific LRH-1 deletion reduced the expression of the hepatic hexokinase glucokinase and glycolysis rates,121 DLPC-mediated LRH-1
activation increased the expression of hexokinase in muscle cells.135 In line with these findings, pharmacological
inhibition of LRH-1 impaired mitochondrial ATP production through a decrease in glucokinase and also GLS2
expression in macrophages.11 Unsurprisingly, upregulation
of GLUTs, including GLUT4,137 as well as increased
expression of glycolytic enzymes, such as hexokinases, has
been reported in different cancer cells that highly depend
on glucose as an energy source.138 Despite their critical role
in glycolysis, the expression and mitochondrial association
of hexokinases has further been linked to cellular growth,
survival, and prevention of mitochondrial cell death in
healthy, but above all also in malignant cells.136,139
Taken together, LRH-1 likely contributes to the metabolic transformation in certain cancer types by facilitating the increased uptake and utilization of glucose. LRH-
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1-mediated upregulation of hexokinases might simultaneously prevent mitochondrial apoptosis. Most importantly, however, LRH-1 promotes proliferation and
survival of cancer cells by regulating target genes
involved in metabolic functions of mitochondria. LRH-1
seems to be particularly important to stimulate metabolic
pathways, like FAO and glutaminolysis, that feed into
the TCA cycle, ensuring oxidative phosphorylation for
ATP generation runs smoothly.

3.1.2 | Protection from ER stress, and
oxidative and DNA damage
During tumorigenesis and metastasis, cancer cells are typically facing a hostile environment and increased intrinsic
stress. Hypoxia, changes in pH, nutrient limitation, treatment with chemotherapeutics, oncogene activation,
increased glycolysis, and protein translation rates as well
as mutations impeding correct protein folding collectively
add pressure on the ER and secretory pathway.140 Deregulation of ER homeostasis and permanent ER stress had
been reported in various types of cancer.141 The accumulation of mis- or unfolded proteins in the ER promotes the
activation of adaptive signaling pathways called unfolded
protein response (UPR). It regulates communication
between the ER and the nucleus, crosstalk with mitochondrial pro-apoptotic signaling pathways, as well as protein
degradation and export.142 Increasing evidence suggests
that deregulated activation of the UPR machinery promotes the ability of cancer cells to adapt for cell survival
and evade mitochondrial apoptosis. This process has been
implicated in tumor growth, metastasis, metabolism and
chemotherapy resistance.140,141 Also in this context, there
is a direct link between LRH-1 and ER stress resolution
pathways, however, independent of the classic UPR
machinery.143 In response to ER stress, LRH-1 induces the
expression of its direct target gene Polo-like kinase
3 (Plk3), a stress response protein that, depending on the
cancer type, can have tumor-suppressive or -promoting
functions.144 The Plk3-mediated phosphorylation of activating transcription factor 2 (ATF2) subsequently drives
ER stress resolution through unknown underlying mechanisms. Pharmacological activation of LRH-1 increases activation of Plk3 and ATF2, the ability to resolve high levels
of ER stress and protects from mitochondrial apoptosis
induction.123 Similar to Plk3, ATF2 involved in a wide
variety of cellular processes, including cell cycle control,
DNA repair, immune responses, as well as metabolism.
Altered expression and phosphorylation state of ATF2 is
also associated with various cancer types and resistance to
genotoxic stress-inducing therapeutic agents.145 Due to
these diverse functions of Plk3 and ATF2, the LRH-
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1-Plk3-ATF2 axis might, apart from ER resolution, contribute to carcinogenesis through multiple signaling
pathways.
The high energy demand and consequently extreme
upregulation of metabolic processes, including mitochondrial respiration, of cancer cells results in the production
of large amounts of reactive oxygen species (ROS). Contributing to the transformation of cells, ROS are modulating signaling pathways, like NF-κB, that drive several
aspects of carcinogenesis, including proliferation, apoptosis evasion, invasion, and metastasis.146 However, if ROS
levels exceed the cellular capacity of antioxidants, it can
have fatal effects as cellular components, including DNA,
RNA, proteins and lipids, become oxidized. In order to
adapt, cancer cells develop different ways to establish a
protective antioxidant system and new redox potential.147
Superoxide dismutase 2 (SOD2), which is a key antioxidant enzyme located within the mitochondria, was
shown to be a direct transcriptional target of LRH-1. The
pharmacological activation of LRH-1 was reported to
increase SOD2 expression, while simultaneously reducing
ROS production.148 A protein stabilizing SOD2 polymorphism has been implicated in the development of various
cancer types149 and its expression levels are associated
with a poor prognosis of ovarian cancer.150 Thus,
enhanced expression as well as activity of LRH-1 that
increase SOD2 levels may contribute to the development
of ROS resistance in certain cancer cells.
LRH-1 further contributes to survival and chemotherapy resistance of cancer cells by regulating stress sensors
implicated in DNA damage responses. It was reported
that RNA interference-based LRH-1 downregulation
results in reduced expression of the growth arrest and
DNA damage-inducible pro-survival factor Gadd45beta
correlating with induction of apoptosis in HCC cells.100
LRH-1 further attenuates the cytotoxicity of DNA damage inducing chemotherapeutic drugs by directly promoting the expression of mediator of DNA damage
checkpoint 1 (MDC1). Resulting in the mitigation of
chemotherapy-induced DNA damage by increasing DNA
damage repair processes, upregulation of MDC1 is
another underlying mechanism of how LRH-1 confers
chemoresistance to certain cancer cell types.151
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of LRH-1 in the regulation of classical antiapoptotic and
pro-apoptotic factors. Nonetheless, some studies confirm
that LRH-1 contributes to the viability and
chemoresistance of cancer cells by transcriptional activation of proteins with antiapoptotic functions, but also
repression of certain pro-apoptotic factors. Depletion and
pharmacological inhibition of LRH-1 in esophageal adenocarcinoma (OAC) revealed that LRH-1 promotes cancer cell survival by increasing cellular levels of Bcl-xL
and GATA-binding factor 6 (GATA6).103 Similar to
LRH-1, GATA6 is a transcription factor with important
functions in cellular differentiation and proliferation, and
has thus also been implicated in different cancer
types.152–154 These findings suggest that affecting the
expression of an antiapoptotic Bcl-2 family member and
another potentially oncogenic transcription factor are
two mechanisms of how LRH-1 regulates proliferation of
OAC and likely also other cancer types. In 2018, Wang
et al. could establish a link between LRH-1, Bax, and p53
protein expression, and caspase activity. Studying the role
of microRNA-381 in osteosarcoma cells, they were able
to show that the LRH-1/WNT/beta-catenin signaling axis
controls proliferation, but also prevents apoptosis in this
type of cancer by inhibition of caspase 3 and 9 activities,
while simultaneously positively regulating Bcl-2 expression. Additionally, upregulation of the LRH-1/WNT/
beta-catenin pathway reduced p53 and Bax expression
further contributing to cellular viability.64 Interestingly,
an inverse correlation between microRNA-381 and
LRH-1 expression was also observed in HCC. Also in this
context, targeting LRH-1 by microRNA-381 reduced
LRH-1-mediated
WNT/beta-catenin
signaling.62
Decreased microRNA-381 expression in different cancer
types thus might contribute to enhanced LRH-1 levels
and increased LRH-1/WNT/beta-catenin signaling.
In summary, LRH-1 supports resistance to environmental threats, cytotoxic stimuli as well as increasing
intrinsic stress that cancer cells are commonly confronted
with by regulating the expression of factors involved in
general stress responses, but also by preventing mitochondrial apoptotic signaling through two different mechanisms: (a) induction of antiapoptotic proteins, such as
Bcl-2 family members, but probably also by (b) inhibition
of caspase activity and transcriptional repression of the
pro-apoptotic proteins such as Bax and p53.

3.1.3 | Direct regulation of
mitochondrial apoptosis signaling
Apart from indirectly contributing to the fate and survival of cancer cells by governing metabolic and general
stress responses, LRH-1 might also directly affect the
mitochondrial apoptosis pathway. So far, there is, however, only little clear molecular proof for the involvement

4 | POTENTIAL OF LR H-1
TA R G E TI N G A P PR O A C H E S I N
CANCER THERAPY
The previous chapters of this review established that high
LRH-1 expression and activity positively contributes to
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an increased viability of cancer cells. Next to resolution
of intrinsic stress and prevention of antitumor immune
surveillance, LRH-1 regulates proliferation, stemness,
and mitochondrial energy metabolism, while counteracting mitochondrial apoptosis signaling pathways.
Affecting several mitochondrial processes, the NR LRH-1
essentially protects survival of cancer cells and can therefore be considered as a potential proto-oncogene. LRH-1
might thus be a promising novel target in the treatment
of various types of tumors in which its expression and/or
activity is pathologically enhanced.155 Accordingly, pharmacological LRH-1 antagonists are likely suitable tools to
inhibit cancer cell proliferation, and at the same time also
sensitize cancer cells to given apoptosis triggers, or even
directly induce their cell death. It must, however, be
taken into account that LRH-1 is vital for the function of
several organs of the adult organism, such as the liver
and pancreas. Especially considering the essential implication of LRH-1 in metabolic processes, it is perfectly
conceivable that long-term application of LRH-1 inhibitors might cause undesired adverse effects, including the
development of diabetes and/or liver damage.
Analysis of mice with heterozygous or tissue-specific
LRH-1 deletion, however, substantially lowers these concerns. While homozygous deletion of LRH-1 results in
embryonic lethality, in the past many studies were conducted using mice with a heterozygous LRH-1 deletion
(LRH-1+/−). LRH-1+/− animals are viable, have a normal
life span even though intestinal, pancreatic and hepatic
LRH-1 mRNA levels are reduced up to 50%.22,156 Despite
having slightly shortened intestinal crypts, LRH-1+/−
mice do not show any severe changes in organ morphology when compared to wild type or control mice.22 And
even though LRH-1+/− animals are slightly more susceptible to high-fat diet-induced obesity, the only mildly
enhanced body weight gain was not accompanied by any
changes in glucose and lipid metabolism. Especially the
comparable response of LRH+/− and wild-type mice in
glucose and insulin tolerance tests argues against the
concern that LRH-1 inhibitors might cause diabetic
conditions.156
Further, Lee et al. generated and characterized mice
with a tissue-specific LRH-1 deficiency in either hepatocytes or intestinal epithelial cells. These animals are also
viable and exhibit a relatively normal phenotype as well
as organ histology. Only some mild changes in bile acid
composition and plasma cholesterol levels, due to the
reduced expression of different metabolic LRH-1 target
genes, were observed in liver- and intestine-specific
LRH-1 knockout mice.157 Even though it could be shown
that LRH-1 is involved in many different physiological
processes, these findings suggest that LRH-1 is not solely
responsible for their smooth regulation, and loss or
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inhibition of LRH-1 might be compensated by other factors. LRH-1 is therefore not absolutely essential for the
tissue-specific physiological processes in the adult organism, which opens a therapeutic window of opportunity to
especially target cancer cells that are highly dependent
on LRH-1 activity. For this reason, there has been growing interest in the identification of synthetic, small molecules that selectively inhibit the transcriptional activity of
LRH-1. Such antagonists are not only extremely useful to
further elucidate the role of LRH-1 in different malignancies but might also be interesting therapeutic tools in
cancer treatment.
In recent years, two different inverse agonists had been
discovered that block the constitutive activity level of
LRH-1 very effectively via different modes of action. In
2013, Benod et al. discovered the first pharmacological
LRH-1 antagonist, named compound 3 (Cpd3, 1-(30 {1-[2-(4-morpholinyl)ethyl]-1H-pyrazol-3-yl}-3-biphenylyl)
ethanone), in a structure-based approach that included
high-throughput molecular docking screening and subsequent experimental verification of the predicted antagonists.158 They were able to show that this small molecule
binds directly into the hormone-binding site of human
LRH-1. This destabilizes the receptor conformation, presumably due to the replacement of helix H12 from the
LBD core as predicted by virtual molecular docking studies. Without affecting the mRNA levels of LRH-1, Cpd3
potently inhibits the transcriptional activity of LRH-1 with
an IC50 value of 5 ± 1 μM. As a consequence, the expression of LRH-1 target genes, such as SHP or cyclin E1, is significantly reduced upon treatment with this small
molecule inhibitor. The study further convincingly confirms that Cpd3 at the same time does not interfere with
the transactivation of the close LRH-1 homolog SF-1, as
well as several more distantly related NRs, such as ERα.158
Additionally, also a structural analog of Cpd3, compound
3d2 (Cpd3d2, 4-(3-{1-[2-(dimethylamino)ethyl]-1H-pyrazol3-yl}phenyl)-N,N-5,6-tetramethyl-2-pyrimidinamine) binds
to and destabilizes the LBD of LRH-1. Comparably to the
original compound, 3d2 potently antagonizes the transcriptional activity of LRH-1, but not other NRs, including
SF-1.158
The second type and even more potent nonphospholipid small molecule repressor of LRH-1,
SR1848, was first discovered and mentioned in a probe
report by Busby et al. in 2010.159 In an approach mainly
based on promoter reporter assays, they screened for synthetic compounds inhibiting the LRH-1-mediated transactivation of the aromatase and StAR promoter,
respectively. This led to the identification of two structurally similar antagonists of LRH-1, SR1848 (ML180,
6-[4-(3-Chlorophenyl)-1-piperazinyl]-3-cyclohexyl-1Hpyrimidine-2,4-dione) and ML179 (3-Cyclohexyl-
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6-[4-[3-(trifluoromethyl)phenyl]-1-piperazinyl]-1Hpyrimidine-2,4-dione) that slightly differ in potency and
maximum efficacy.159
Corzo et al. further confirmed that SR1848 inhibits
the transcriptional activity LRH-1, and dose-dependently
diminishes the expression of LRH-1 targets, such as aromatase and SHP. Furthermore, SR1848 also reduced the
relative abundance of LRH-1 mRNA in Huh7 and
HepG2, two human HCC lines that express high levels of
LRH-1.160 This is in line with the finding that LRH-1 can
induce its own expression.80 A reduction of LRH-1 target
gene expression in response to SR1848 might thus at least
be partially attributed to a decrease in LRH-1 levels. In
contrast to Cpd3 and Cpd3d2, SR1848 is, however, not
specific for LRH-1 as it also antagonizes SF-1 in a dosedependent manner.159,160 Particularly noteworthy is the
rapid onset of SR1848-mediated effects. Already within
2 hr, a significant reduction of mRNA transcript levels of
LRH-1 and several of its downstream target genes could
be observed.160 The mechanism of action of SR1848 was
investigated using chromatin immunoprecipitation and
immunohistochemistry assays. In marked contrast to
Cpd3 and Cpd3d2, SR1848 induces the rapid nuclear
export of LRH-1 to the cytoplasm of cells. This naturally
interferes with the chromatin-binding capacity and
induction of LRH-1 target gene transcription.160 As no
direct binding of SR1848 to the LBD of LRH-1 could be
demonstrated, Corzo et al. hypothesized that SR1848
might interact with regions outside of the LBD or rather
indirectly interfere with the localization of LRH-1.
Even though displaying an entirely different mode of
action, Cpd3/3d2 and SR1848 have a similar inhibitory
effect on cell growth and proliferation of different cancer
cell lines. The antiproliferative activities of both antagonists are LRH-1-dependent and most probably caused by
the concomitant reduced expression of oncogenes that
promote cancer cell proliferation.158,160 Cpd3 and Cpd3d2
inhibit the proliferation of cancer cells dose-dependently
without showing any general cytotoxicity. Notably, both
antagonists inhibit the proliferation potential of AsPC-1
cells, a pancreatic ductal adenocarcinoma (PDAC) cell
line with high LRH-1 levels, whereas proliferation of an
LRH-1-negative PDAC line (L3.3) remained unaffected.8,158 Corroborating these results, Benod et al. demonstrated that both antagonists also compromise the
proliferation rates of LRH-1 expressing human colon as
well as breast cancer cells.73,74,98 Similarly, already the
initial probe report of Busby et al. demonstrated that
SR1848 has a potent inhibitory activity in different
human cancer cell lines. It decreases the viability of
breast cancer cells by up to 90% when used at low micromolar concentrations.159 Furthermore, SR1848 also
strongly diminished the proliferation capacity of the
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human HCC line Huh7 that under steady-state conditions exhibits high levels of nuclear LRH-1. The lack of
cytostatic effects in an ovarian adenocarcinoma cell line
with comparably low LRH-1 expression (SK-OV-3) suggests that the antiproliferative activity of SR1848 is also
LRH-1-mediated. Concordantly, the expression of proproliferative LRH-1 targets, namely cyclin D1 and E1,
was only significantly inhibited in SR1848-treated Huh7,
but not SK-OV-3 cells.160
Despite or perhaps exactly because of their different
mode of action Cpd3/3d2 and SR1848 are highly useful
tools to study the diverse functions of LRH-1. Thus, these
small molecule LRH-1 antagonists have been successfully
used in various studies to investigate LRH-1-regulated
processes. For example, Cpd3 was used to identify Calreticulin as a novel LRH-1 target gene, thus establishing
a role for LRH-1 during renal fibrosis.161 The first in vivo
application of Cpd3 in zebrafish embryos demonstrated
that LRH-1 is essentially involved in multiple stages of
liver and pancreas organogenesis.162 Confirming a vital
role for LRH-1 in cell proliferation, SR1848 treatment
was shown to suppress the cell division activity of primary murine granulosa cells ex vivo. As observed in
other cell types, the abundance of pro-proliferative
LRH-1 target gene transcripts, including cyclin D1 and
E1, was simultaneously markedly reduced, which recapitulated the phenotype of LRH-1 knockout cells.163 In our
own studies investigating the role of LRH-1 in the hematopoietic system, we were able to confirm the antagonist
effect of both inhibitors in macrophage and T cells
in vitro and in vivo.9,11
While investigating the role of LRH-1 in cells of the
immune system, we recently observed that LRH-1 inhibitors also have anticancer effects in leukemic T and B cells.
Unpublished data indicate that Cpd3d2 as well as SR1848
strongly suppress the proliferation capacity of acute lymphoblastic leukemia (ALL) cells in vitro. Similar as in
other cancer cells, this seems to be accompanied by a
reduction of pro-proliferative LRH-1 target gene expression and resembles the effect of siRNA-mediated LRH-1
knockdown. Remarkably enough we observed that both
antagonists further have the capacity to induce apoptotic
cell death in different T- as well as B-ALL cell lines. Even
more interesting is, however, the observation that simultaneous treatment with certain other anticancer drugs leads
to a massive increase in dead cells and synergistic cytotoxicity (Michalek, Brunner, unpublished). Small molecule
LRH-1 inhibitors thus seem to enhance the sensitivity of
leukemic cells toward other drugs, many of them currently
being used in the standard therapeutic regimen for the
treatment of T-ALL. In addition to different types of solid
cancers, LRH-1 hence might also be implicated in certain
hematopoietic malignancies, as it seems to be a critical
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regulator of leukemia cell proliferation. LRH-1 somehow
also contributes to the survival of malignant T and B cells,
even though further research is required to elucidate the
exact underlying molecular mechanisms.
Only recently, in vitro application of SR1848 contributed to the discovery that LRH-1 is also implicated and a
possible therapeutic target in castration-resistant prostate
cancer (CRPC).164 This type of cancer is typically associated with persistent androgen receptor (AR) signaling
caused by the constant biosynthesis of intratumoral
androgens and thus commonly treated with steroidal
inhibitors.165 Xiao et al. were able to show that LRH-1 is
not only upregulated in CRPC tissue, but also promoting
growth and androgen production of prostate cancer cells
in vivo. LRH-1 transactivates the expression of several
mitochondrial steroidogenic enzymes, including StAR
and CYP17A1, contributing to the increased de novo
androgen synthesis in CRPC. Mimicking the effect of
siRNA-mediated LRH-1 knockdown, treatment of the
CRPC cell line VCaP with SR1848 significantly decreases
the expression of these steroidogenic enzymes in vitro.
Even more importantly, however, is that the
SR1848-mediated pharmacological inhibition of LRH-1
dose-dependently sensitizes VCaP cells to androgen deprivation.164 These findings suggest that the pharmacological suppression of LRH-1 activity using antagonists, like
SR1848, might be a useful therapeutic strategy for the
inhibition of persistent AR signaling and proliferation
in CRPC.
One remaining problem, however, is that so far very
little is known about the in vivo efficacy as well as
unwanted side effects of the described LRH-1 antagonists
in mammals. Even though there is limited availability of
published research regarding these topics, there is some
evidence that SR1848 and Cpd3/3d2 can indeed repress
LRH-1 signaling in vivo. Ten-day intraperitoneal SR1848
administration significantly decreased LRH-1 and SHP
mRNA levels in the pancreas and adrenal gland of
SR1848-treated mice in comparison to controls. At the
same time, blood analysis revealed that important physiologic analytes remained unaffected after SR1848 treatment.160 Similarly promising, we could show that also
injection of a single dose of Cpd3d2 into mice can have
therapeutic effects on immune cell-mediated hepatitis
without showing any general toxicity.9,11 Even though
hepatocytes express high levels of LRH-1 and various
metabolic processes in the liver are dependent on LRH-1,
no obvious liver damage or hepatocyte apoptosis was
observed after pharmacological inhibition of LRH-1
alone.11 Thus, it is feasible to believe that residual LRH-1
activity after Cpd3d2 treatment is sufficient to maintain
normal physiological functions of the liver, and likely
also other tissues and organs expressing high levels of

MICHALEK AND BRUNNER

LRH-1. As immune cells and transformed cells appear to
have less spare capacity of residual LRH-1 activity, this
opens a therapeutic window of opportunity for the treatment of inflammatory disorders and cancer.

5 | CONCLUSIONS
In summary, the NR LRH-1 is a transcription factor with
diverse physiologic functions. Their deregulation is often
associated with cancer (Figure 1). Overexpression as well
as increased LRH-1 activity had been implicated in a
wide variety of human malignancies.54–58,103–105 Affecting
multiple distinct signaling pathways, uncontrolled LRH-1
activity stimulates cell proliferation and increases cell
viability, and thereby contributes to growth, progression,
and aggressiveness of tumors. Several mechanisms possibly contribute to aberrant LRH-1 activity in malignant
cells. Apart from overexpression or activating genetic
lesions in the LRH-1 gene, also an imbalance in the relative abundance of interaction partners with coactivator
or corepressors function could result in uncontrolled
LRH-1 signaling. Additionally, aberrant extracellular
mitogenic stimuli and activation of ERK 1/2 might cause
a constitutively phosphorylated and thus active status of
LRH-1.39,40 The consequent increased expression of proproliferative factors, including cyclin D1, E1 and c-Myc,
confers a selective proliferative advantage of cancer cells
(Figure 2). Simultaneously, upregulating factors involved
in general stress responses LRH-1 enables the protection
from environmental threats as well as increasing intrinsic
stress that highly proliferating cancer cells are commonly
facing.100,123,148,151
Most of the LRH-1-regulated processes promoting the
survival of tumor cells are associated with mitochondrial
functions. To begin with, increasing evidence suggests
that LRH-1 induces the expression of antiapoptotic proteins, such as Bcl-xL and Bcl-2.64,103 Concurrently, it
seems to inhibit caspase activity and transcriptionally
repress pro-apoptotic factors, such as Bax and p53.64
LRH-1 thus likely contributes to stress, respectively, cell
death resistance and survival of malignant cells by
directly counteracting mitochondrial apoptosis signaling.
Regulating the expression of key mitochondrial steroidogenic enzymes, LRH-1 further promotes local GC
production. Cancer cell-derived immunosuppressive GCs
are known to dampen immune responses, shape the
tumor microenvironment, and thus allow escape from
tumor immune surveillance.19,166 Similarly, cancer cells
might utilize LRH-1-mediated FasL expression to attack
and induce apoptosis in infiltrating immune cells.9,81 In a
cell nonautonomous manner, aberrant LRH-1 signaling
thus probably contributes to tumor immune escape by at
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an indispensable metabolic reprogramming that ensures
fulfillment of the increased energy demand concomitant
with the synthesis of proteins that are vital for their rapid
proliferation and survival of tumor cells. Elevated LRH-1
activity promoting diverse, but mainly mitochondrial processes, is clearly beneficial for the viability of malignant
cells. Specifically targeting LRH-1-driven proliferation
and cell death resistance in tumor cells using LRH-1
antagonists might thus be a promising approach in cancer therapy.
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F I G U R E 2 LRH-1 as a regulator of cancer cell proliferation
and survival. Overexpression as well as increased LRH-1 activity
directly promotes cancer cell proliferation due to enhanced
expression of cyclin D1, E1, and c-Myc as well as stimulation of
WNT and beta-catenin signaling. LRH-1-promoted survival of
tumor cells is mainly associated with mitochondrial functions.
Directly counteracting mitochondrial apoptosis signaling, LRH-1
induces the expression of antiapoptotic Bcl-2 family members,
while transcriptionally repressing Bax and inhibiting caspase
activity. Regulating the expression of mitochondrial steroidogenic
cytochrome P450 (CYP) enzymes and StAR, LRH-1 further
promotes production of immunosuppressive GCs. Tumor-derived
GCs inhibit proliferation and promote death of immune cells that
would otherwise initiate the DL-mediated cytotoxicity or stressmediated apoptosis of cancer cells. Contributing to tumor immune
escape, cancer cells might conversely utilize LRH-1-mediated FasL
expression, to attack and induce apoptosis in infiltrating immune
cells. By increasing mitochondrial mass and induction of
mitochondrial metabolic target genes LRH-1 further stimulates
mitochondrial energy metabolism. LRH-1 thereby might essentially
contribute to the fulfillment of the increased energy demand
concomitant with the synthesis of proteins important for the rapid
proliferation and survival of cancer cells. Cyc, Cyclin; CYPs,
cytochrome P450 enzymes; Cyt c, cytochrome c; DL, death ligand;
DR, death receptor; FasL, Fas Ligand; GCs, glucocorticoids; StAR,
steroidogenic acute regulatory protein; WNT, Wingless and INT-1

least two different mechanisms that could clearly favor
progression of certain cancer types.
Most importantly, LRH-1 stimulates mitochondrial
energy metabolism by increasing mitochondrial mass
and induction of mitochondrial metabolic target genes
that promote increased lipid, amino acid, and glucose utilization.56,121,130,135 LRH-1 thereby likely contributes to
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Abstract

5 Nuclear receptors are transcription factors with important functions in a variety of
6 physiological and pathological processes. Targeting glucocorticoid receptor (GR) activity
7 using glucocorticoids is a cornerstone in the treatment of patients with T cell acute
8 lymphoblastic leukemia (T-ALL), and resistance to GC-induced cell death is associated
9 with poor outcome and high risk for relapse. Next to ligand binding, heterodimerization with
10 other transcription factors presents an important mechanism for the regulation of GR
11 activity. Here we describe a GC-induced direct association of the liver receptor homolog12 1 (LRH-1) with the GR in the nucleus, which results in reciprocal inhibition of transcriptional
13 activity. Pharmacological and molecular interference with LRH-1 impairs proliferation and
14 survival in T-ALL, and causes a profound sensitization to GC-induced cell death, even in
15 GC-resistant T-ALL. Our data illustrate that direct interaction between GR and LRH-1
16 critically regulates glucocorticoid sensitivity in T-ALL opening up new perspectives for
17 developing innovative therapeutic approaches to treat GC-resistant T-ALL.
18

Keywords
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22

Introduction

23 Liver receptor homolog-1 (LRH-1/NR5A2) is a transcription factor of the nuclear receptor
24 (NR) superfamily that is primarily expressed in epithelial tissues of endodermal origin,
25 including the liver, pancreas, gastro-intestinal tract and reproductive organs (Bookout et
26 al., 2006). It is considered an orphan NR as, contrary to most NRs, no endogenous LRH27 1 ligands have been identified so far. While LRH-1 has a constant nuclear localization and
28 maintains a transcriptionally active conformation (Sablin et al., 2003), its activity is further
29 regulated by co-activators and co-repressors, post-translational modifications as well as
30 substances interacting with the ligand-binding pocket (Stein and Schoonjans, 2015).
31 Regulating the transcription of a plethora of target genes, LRH-1 is critically involved in a
32 wide variety of biological processes. It is vital during embryonic development and further
33 regulates different metabolic pathways in the adult organism, including cholesterol and bile
34 acid homeostasis (Pare et al., 2004), as well as glucose-sensing and processing
35 (Oosterveer et al., 2012). In addition, LRH-1 was shown to be a critical regulator of cellular
36 proliferation (Botrugno et al., 2004), stemness (Heng et al., 2010), stress response
37 pathways (Mamrosh et al., 2014) as well as local steroidogenesis, e.g. glucocorticoid (GC)
38 synthesis in the intestinal epithelium as reviewed by (Merk et al., 2021). As a deregulation
39 of these processes results in a selective proliferative and survival advantage, and is
40 commonly associated with cancer, LRH-1 has been proposed to be a potential oncogene
41 (Nadolny and Dong, 2015). In recent years, LRH-1 thus gained increasing attention in the
42 field of cancer research and its overexpression and/or deregulation is clearly linked to
43 different types of solid cancer. Several independent studies demonstrated an implication
44 of LRH-1 in the development and progression of human pancreatic (Chen et al., 2018),
45 colon (Wu et al., 2018), breast (Pang et al., 2017), liver (Xiao et al., 2018), prostate (Porter
46 et al., 2019) as well as gastric cancer (Liu et al., 2019).
47 Whereas the function of LRH-1 in epithelial tissues and associated tumors is rather well
48 explored, up to date very little is known about its role in the hematopoietic system and
49 associated malignancies. Only recently we were able to demonstrate that LRH-1 has
50 important regulatory functions in different immune cells, even though its expression levels
51 in these cell types are comparably low. LRH-1 directly regulates the transcription of Fas
52 (CD95) ligand in cytotoxic T cells (Schwaderer et al., 2017) and controls the production of
53 pro-inflammatory cytokines in macrophages (Schwaderer et al., 2020, Lefevre et al.,
54 2015). Most importantly, however, LRH-1 is a critical regulator of T cell proliferation and
55 thus T cell-mediated immune responses by regulating the transcription of cell cycle
56 regulators, including c-Myc, and cyclin D1 and E1. In addition, LRH-1 seems to have
57 important anti-apoptotic functions as its deletion results in elevated basal as well as
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58 mitogen-induced cell death of T cells (Seitz et al., 2019). Along these lines, acute deletion
59 of LRH-1 in intestinal epithelial cells similarly results in extensive cell death induction
60 (Bayrer et al., 2018).
61 In contrast to these mitogenic and pro-survival functions of LRH-1, the glucocorticoid
62 receptor (GR/NR3C1) is well known for its anti-proliferative as well as cell death-inducing
63 activities in T cells (Almawi and Melemedjian, 2002, Herold et al., 2006). Like LRH-1, the
64 GR is a transcription factor of the NR superfamily (Mangelsdorf et al., 1995). Its activity is,
65 however, predominantly regulated by ligand-binding, which results in its dissociation from
66 chaperone complexes and translocation to the nucleus (Timmermans et al., 2019). There,
67 the GR binds to the DNA as a homodimer at glucocorticoid responsive elements (GRE) to
68 transactivate or repress target gene expression (Louw, 2019). Due to their anti69 inflammatory and immune-suppressive effects, GCs are among the most important drugs
70 to treat auto-immune and inflammatory diseases (Petrillo et al., 2017), but also
71 hematological cancer, including T cell acute lymphoblastic leukemia (T-ALL) (Inaba and
72 Pui, 2010). This particularly aggressive form of blood cancer results from the malignant
73 transformation and subsequent uncontrolled clonal expansion of immature T cell
74 progenitors (Hefazi and Litzow, 2018). Accumulation of these leukemic T cell blasts in the
75 bone marrow and other organs results in a decreased production as well as harmful
76 imbalance of healthy blood components, and consequently functional insufficiency of the
77 hematopoietic system (Terwilliger and Abdul-Hay, 2017). Since many years synthetic GCs,
78 such as dexamethasone, are among the most essential and effective drugs in the
79 treatment of T-ALL, inhibiting proliferation and inducing cell death of leukemic T cells.
80 Many patients, however, exhibit a poor response to GC treatment, which limits the
81 therapeutic effect of GCs (Olivas-Aguirre et al., 2021). Despite extensive research effort,
82 the molecular basis of GC sensitivity and resistance remains only poorly understood, and
83 different mechanisms and their combinations contribute to GC resistance observed in
84 individual patients (Clarisse et al., 2020). Failure of leukemic cells to undergo GC-induced
85 cell death is, however, often associated with the lack of GC-mediated GR auto86 upregulation and induction of the pro-apoptotic BCL-2 homolog and BH3-only protein Bim
87 (Riml et al., 2004, Jing et al., 2015).
88 Apart from ligand-binding, target gene regulation by NRs is mainly regulated by multiple
89 protein-protein interactions. These interactions occur between NRs and designated
90 adapter proteins, co-activators and repressors, but also include formation of homodimers
91 as well as heterodimers with other transcription factors, including other NRs (Weikum et
92 al., 2018, Amoutzias et al., 2007). Especially important regarding GC resistance are the
93 physical interactions of ligand-bound GR with nuclear factor 'kappa-light-chain-enhancer'
This is a provisional file, not the final typeset article.

4

82

94 of activated B cells (NF-κB) or activator protein 1 (AP-1), which reciprocally inhibit their
95 transcriptional activity (McKay and Cidlowski, 1998). GR interactions with NF-κB and AP96 1, and associated suppression of pro-inflammatory factor expression is primarily
97 responsible for the anti-inflammatory effects of GCs (Escoter-Torres et al., 2019). Vice
98 versa, the mutual antagonism of GR and NF-κB, resp. AP-1, has been proposed to
99 contribute to GC resistances observed in different hematopoietic malignancies (Bosscher
100 et al., 2003). Furthermore, similar protein-protein interactions between the GR and the
101 orphan NR nerve growth factor IB (NGFI-B/Nur77/NR4A1) result also in reciprocal
102 transrepression (Martens et al., 2005). Interestingly, LRH-1 activity can likewise be
103 repressed by its direct interaction with NF-κB (Huang et al., 2014), and the atypical NR
104 and LRH-1 target small heterodimer partner (SHP/NR0B2) (Ortlund et al., 2005).
105 Based on these findings we hypothesized that GR and LRH-1 could possibly interact in a
106 similar manner. Indeed, we here report a direct physical interaction of the GR with LRH-1
107 that mediates a reciprocal inhibition of both transcription factors. Confirming the role of
108 LRH-1 in the proliferation of T cells as well as its oncogenic properties observed in different
109 solid cancers, we further show that LRH-1 is a critical regulator of T-ALL cell proliferation
110 and survival as LRH-1 inhibition or downregulation results in growth defects and apoptosis.
111 Furthermore, we obtained evidence that the physical interaction and mutual antagonism
112 of the GR and LRH-1 plays a role in pathophysiological GC resistance. Pharmacological
113 inhibition as well as LRH-1 knockdown sensitized T-ALL cells for GC-induced apoptotic
114 cell death. This sensitization seems to be mediated by an improved auto-upregulation of
115 the GR and Bim induction in response to GCs. Importantly, synergistic cell death induction
116 by combined treatment with dexamethasone and LRH-1 inhibitor was also observed in
117 primary tumor cells from T-ALL patients in vitro and in vivo in a xenograft transplantation
118 model.
119 Taken together, this study reports for the first time a physical interaction and a mutual
120 antagonism between the GR and LRH-1 that plays a role in GC sensitivity. It further
121 demonstrates a critical role of LRH-1 in leukemic T cells, which opens new perspectives
122 in developing novel therapeutic strategies in the treatment of T-ALL.
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123

Results

124 Co-localization and physical interaction of GR and LRH-1 in the presence of
125 dexamethasone. It is a well-established fact that the transcriptional activity of NRs is not
126 solely determined by ligand-binding or post-translational modifications, but also by
127 interactions with co-modulatory factors. These protein-protein interactions occur between
128 NRs

and

certain

accessory

co-activators

or

-repressors,

chaperones,

DNA

129 modifiers/readers but also other transcription factors, and play a critical role in the
130 transcriptional regulation of NRs. In order to investigate whether the physical interaction
131 between GR and LRH-1 could contribute to their reciprocal regulation, we investigated
132 their subcellular localization.
133 Whereas LRH-1 constantly exhibits nuclear localization, the GR is sequestered in the
134 cytosol under steady state conditions. (Figure 1A, upper panel). Thus, co-localization of
135 the GR and LRH-1, an essential prerequisite for their physical interaction, may only occur
136 in the presence of natural or synthetic GCs, such as dexamethasone. Dexamethasone
137 induced a rapid translocation of the GR to the nucleus, where it co-localized with LRH-1
138 (Figure 1A, lower panel). LRH-1 and GR could be co-precipitated when both proteins were
139 overexpressed in human embryonic kidney (HEK) 293T cells (Figure EV1A), providing first
140 evidence for their direct physical interaction. Due to an overexpression-induced
141 spontaneous nuclear translocation of the GR, co-precipitation of LRH-1 from nuclear
142 extracts could be observed also in untreated cells but was substantially enhanced upon
143 dexamethasone stimulation. To circumvent the limitations of co-precipitation to
144 unequivocally detect direct protein-protein interactions (Elion, 2006), and to exclude the
145 possibility that the GR and LRH-1 are not directly interacting parts of a large multi-protein
146 complex, we next exploited bimolecular fluorescence complementation (BiFC). For that
147 purpose, two eYFP (enhanced yellow fluorescent protein) fragments, referred to as YFP1
148 (residues 1-157) and YFP2 (residues 158-238), were fused to LRH-1, resp. GR as
149 schematically depicted in Figure 1B. Whereas the single split-YFP fusion proteins are not
150 fluorescent (Figure EV1B/D), direct physical interaction of YFP1-LRH-1 with GR-YFP2
151 should facilitate the reconstitution of native eYFP. As the intensity of BiFC is often low
152 (<10%) in comparison to the full length wild type protein (Kerppola, 2008), we first ensured
153 that the reassembled eYFP emits sufficiently strong fluorescence upon excitation. Making
154 use of the fact that the GR forms homodimers, we confirmed that a combination of YFP1155 GR and GR-YFP2 yields a profound BiFC signal that can not only be detected qualitatively
156 by fluorescence microscopy (Figure EV1C) but also quantified by flow cytometry (Figure
157 EV1D).
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158 Confirming the known GC-dependent subcellular localization of the GR (Nicolaides et al.,
159 2000), YFP fluorescence was restricted to the cytosol in the absence and to the nucleus
160 in the presence of dexamethasone (Figure EV1C). Simultaneous expression of YFP1-GR
161 and GR-YFP2 resulted in approximately 40% YFP positive (YFP+) cells and was thus a
162 suitable positive control for all following experiments (Figure EV1D).
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Figure 1: Co-localization and physical interaction of GR and LRH-1 in the presence of dexamethasone.
(A) Fluorescence microscopy analysis of HEK 293T cells co-transfected with eGFP-tagged hLRH-1 (eGFP LRH-1)
and dsRed-tagged hGR (dsRed GR) treated with 500 nM dexamethasone (Dexa) or dimethyl sulfoxide (DMSO;
solvent control). 4′,6-diamidino-2-phenylindole (DAPI; blue) was used for nuclear counterstain. Scale bar, 50 μm;
20x objective. Boxed areas are 4x magnified and shown at the right. (B) Schematic overview of the split and
reassembled eYFP protein as well as tagged LRH-1 and GR BiFC constructs. eYFP residues from 1-157 (YFP-1)
are colored in light green and residues from 158-233 (YFP-2) are colored in dark green. (C) Confocal fluorescence
microscopy analysis of HEK 293H cells transiently transfected with YFP1-LRH-1 and GR-YFP2 for detection of
BiFC formation (eYFP) in absence (DMSO) and presence of Dexa. Hoechst33342 was used for nuclear
counterstain. Representative images are shown and merged with the corresponding brightfield (BF) image. Scale
bar: 20 μm; 40x objective. (D) Flow cytometry-based quantification of BiFC in HEK 293H transiently co-transfected
with YFP1-LRH-1 and GR-YFP2 and pre-treated for 6 h with 20 µM 3d2 or 5 µM SR1848, before stimulation with
500 nM Dexa (2 h). YFP+ cells are shown as a percentage (%) of viable cells. Dashed line indicates percentage of
Dexa-driven BiFC positive cells. Data are represented as mean ± SD of nine (DMSO) and four (3d2/SR1848)
independent experiments, respectively. Two-way ANOVA; * p < 0.05, ** p < 0.01, *** p < 0.001.
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179 As expected, hardly any BiFC was observed in unstimulated YFP1-LRH-1- and GR-YFP2180 expressing HEK 293H cells (Figure 1C, upper panel). In contrast, dexamethasone-induced
181 activation of the GR resulted in a clear induction of exclusively nuclear BiFC, as assessed
182 by confocal fluorescence microscopy (Figure 1C, lower panel). Quantification of YFP+
183 cells via flow cytometry confirmed the significant induction of GR-LRH-1 BiFC upon
184 dexamethasone stimulation (Figure 1D).
185 These results clearly demonstrate a novel direct physical interaction of the GR and LRH186 1, which may have potential regulatory functions. We thus next investigated whether and
187 how this GC-mediated interaction might be affected by two small molecule LRH-1
188 antagonists. As previously shown by Benod et al., compound 3d2 specifically binds to and
189 induces a conformational change of the LRH-1 ligand-binding domain that diminishes its
190 interaction with co-regulatory proteins (Benod et al., 2013). The second, even more potent
191 LRH-1 antagonist SR1848 induces its rapid translocation from the nucleus to the
192 cytoplasm of cells (Corzo et al., 2015). Via different modes of action, both compounds
193 hence not only inhibit LRH-1 activity but also alter its interaction with co-regulatory factors.
194 Interestingly, we observed opposing effects of 3d2 and SR1848 on the GR-LRH-1
195 interaction as assessed by analysis of YFP1-LRH-1 and GR-YFP2 BiFC via fluorescence
196 microscopy (Figure EV1D) and flow cytometry (Figure 1D). Showing no effect in the
197 absence of GCs, 3d2 slightly reduced the dexamethasone-mediated increase in BiFC
198 positive cells (Figure 1D). Contrary, SR1848-mediated nuclear export of LRH-1 did not
199 only facilitate co-localization but also significant interaction with the GR in the cytoplasm
200 of cells (Figure EV1E). Furthermore, SR1848 roughly doubled the amount of
201 dexamethasone-induced YFP+ cells and thus, unlike 3d2, strongly reinforces the GR-LRH202 1 protein-protein interaction (Figure 1D).
203 In summary, these data provide evidence for a physical interaction of the GR and LRH-1
204 that is promoted by GC-induced co-localization of both NRs in the nucleus and that can be
205 modulated by small molecule LRH-1 antagonists.
206
207 Reciprocal inhibition of the GR and LRH-1. We next determined whether the physical
208 interaction of the GR and LRH-1 impacts the activity of one or both transcription factors.
209 Therefore, HEK 293T cells were transfected with either a GC response element (GRE) or
210 5-fold LRH-1 response element (5xRE) luciferase reporter and were treated with
211 dexamethasone and/or LRH-1 antagonists (3d2, SR1848) to assess the effects on GR and
212 LRH-1 transcriptional activity, respectively. Firstly, validating the functionality and
213 suitability of these reporter assays, dexamethasone treatment induced the GR promoter
214 activity that could be significantly enhanced by GR overexpression, and that was inhibited
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215 upon pre-treatment with the GR antagonist RU486 (Beck et al., 1993) (Figure 2A).
216 Similarly, LRH-1 transcriptional activity could be significantly increased by LRH-1
217 overexpression. As predicted, treatment with 3d2 or SR1848 resulted in a potent inhibition
218 of LRH-1 reporter activity (Figure 2B).
219 LRH-1 overexpression completely suppressed basal activity of endogenous GR (Figure
220 2C, left). Also, the massive dexamethasone-induced reporter activity of overexpressed GR
221 was significantly reduced in response to simultaneous LRH-1 overexpression (Figure 2C,
222 right). Vice versa, dexamethasone-induced activation of the GR resulted in significant
223 LRH-1 inhibition that was comparable to inhibition by 3d2 (Figure 2D).
224 Based on our findings we hypothesized that the reciprocal inhibition of GR and LRH-1
225 results from their interaction-mediated sequestration and should thus correlate with protein
226 expression levels of the respective opponent. Indeed, dexamethasone-induced GR activity
227 significantly declined in a dose-dependent manner in response to co-transfection with
228 increasing amounts of LRH-1 expression plasmid (Figure 2E). Similarly, increasing GR
229 levels caused a dose-dependent reduction of LRH-1 transcriptional activity (Figure 2F).
230 Although spontaneous nuclear translocation of the GR due to overexpression was
231 sufficient to significantly inhibit LHR-1 activity, dexamethasone treatment further enhanced
232 LRH-1 inhibition even at low levels of GR overexpression.
233 Interestingly, treatment of cells with 3d2 alone already enhanced the activity of
234 endogenous as well as overexpressed GR (Figure 2C), suggesting that endogenous LRH235 1 restricts basal GR activity. Furthermore, while 3d2 enhanced GR activity, SR1848
236 caused a reduction of dexamethasone-induced GR activity (Figure 2G). This correlates
237 with the observations that SR1848 strongly reinforces the interaction between GR and
238 LRH-1, whereas 3d2 has rather the opposite effect (Figure 1D).
239 Cumulatively, these data strongly suggest a mutual antagonism of LRH-1 and the GR that
240 is most likely mediated by their direct, GC-dependent protein-protein interaction.
241 Importantly, it is possible to enhance or repress this physical and regulatory interaction
242 using pharmacological inhibitors, resp. activators, to modulate the transcriptional activity
243 of both NRs.
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Figure 2: Reciprocal inhibition of the GR and LRH-1.
Quantification of GR and LRH-1 transcriptional activities in HEK 293T cells co-transfected with equal amounts of
the GR responsive (GRE) (A)/(C)/(E) or LRH-1 responsive (5xRE) (B)/(D)/(F) luciferase reporter constructs as well
as mh-hGR (GR) and/or mh-hLRH-1 (LRH-1), as indicated. Corresponding empty vectors (represented by: -) were
used as negative controls and to adjust the total DNA content in every transfection. β-galactosidase (bGal) was cotransfected as an internal transfection control. Reporter cells were treated overnight with 500 nM dexamethasone
(Dexa), 20 µM 3d2 and/or 5 µM SR1848, as indicated. For inhibition of GR activity cells were further pre-treated for
1 h with 1 µM RU486. Dimethyl sulfoxide (DMSO) was used as solvent control. (A)/(B) Luciferase reporter activity
was measured, and luminescence was normalized to bGal activity (relative light units, R.L.U.). (C)/(D) Fold induction
of transcriptional activities was calculated by further normalization to endogenous GR or LRH-1 activity of DMSO
treated luciferase reporter cells, respectively. (E)/(F) Numbers indicate percentage (%) of bGal-normalized activities
of overexpressed GR (E) and LRH-1 (F) relative to the DMSO treated controls co-transfected with empty vector
instead of LRH-1 or GR, respectively. (G) HEK 293T cells transiently transfected with GRE/GR were treated with
500 nM Dexa, 20 µM 3d2 and/or 5 µM SR1848, as indicated by: +. DMSO was used as solvent control (represented
by : -). Fold induction of GR activity was calculated by normalization of bGal-normalized luminescence to DMSO
treated reporter cells. Mean values of technical triplicates ± SD of a typical experiment (n≥3) are shown. Two-way
ANOVA (A-D), unpaired t-test (E/F) or one-way ANOVA (G); * p < 0.05, ** p < 0.01, *** p < 0.001.

This is a provisional file, not the final typeset article.

10

88

263 GR, LRH-1 and GC resistance in T cell acute lymphoblastic leukemia cells. Closely
264 resembling features of the well-investigated interplay between the GR and NF-κB, resp.
265 AP-1, we presumed that LRH-1-mediated GR inhibition could possibly impact GC
266 sensitivity. GC resistance is a frequently observed phenomenon in T-ALL cells. We thus
267 chose the three human T-ALL-derived T lymphocyte cell lines Jurkat, MOLT-4 and CEM268 C1 to test this hypothesis. These T-ALL cells are largely unresponsive to the growth269 inhibiting and cell death-inducing effects of GCs (Figure 3A/B). Even though affecting
270 proliferation of CEM-C1 cells after prolonged incubation (Figure 3A), high concentrations
271 of dexamethasone (up to 30 µM) did not cause apoptotic cell death in Jurkat, MOLT-4 and
272 CEM-C1 cells as assessed by Annexin V staining (Figure 3B), while the GC-sensitive T273 ALL cell line CEM-C7 readily exhibited cell death in response to dexamethasone.
274 Importantly, expression of the transcriptionally active GRα isoform and LRH-1 was
275 detectable in all GC-resistant T-ALL cell lines (Figure 3C). In contrast to the GC-sensitive
276 CEM-C7 cells (Figure 3B), Jurkat, MOLT-4 and CEM-C1 cells lacked upregulation of the
277 GR and the consequent Bim induction upon dexamethasone treatment (Figure 3D), a
278 process known to be critical for GC-induced cell death (Smith and Cidlowski, 2010). In fact,
279 even a GC-mediated reduction of GR protein levels was detected in Jurkat and MOLT-4
280 cells (Figure 3D).
281 Of interest, while Jurkat, MOLT-4 and CEM-C1 cells showed a high LRH-1 : GR ratio, the
282 opposite was observed in GC-sensitive CEM-C7 cells (Figure 3C), suggesting that LRH283 1-mediated inhibition of the GR might be responsible for GC resistance. However, as
284 neither mRNA nor protein expression necessarily reflect functionality, we also assessed
285 GR and LRH-1 activity in T-ALL cell lines using luciferase reporter assays. Hardly any
286 basal nor dexamethasone-induced GR activity could be detected in Jurkat as well as
287 MOLT-4 cells (Figure 3E). In contrast, high LRH-1 transcriptional activity was seen in both
288 cell lines (Figure 3F). Notably, inhibition of LRH-1 with 3d2 caused a striking increase in
289 dexamethasone-induced GR activity in both T-ALL cell lines (Figure 3E). Of interest, while
290 3d2 markedly reduced LRH-1 activity in MOLT-4 cells, no inhibition was seen in Jurkat
291 cells. Altogether, these data, demonstrating that a combination of dexamethasone and the
292 LRH-1 antagonist 3d2 are able to restore GR activity in otherwise GC-unresponsive human
293 T-ALL cell lines, support the notion that LRH-1 could play a role in GC resistance, and that
294 prevention or disturbance of GR-LRH-1 interaction might sensitize GC-resistant leukemic
295 T cells to dexamethasone-induced cell death.

This is a provisional file, not the final typeset article.

11

89

5
0

15
10
5
0

72
96
time [h]

10

4

2

0
a t - 4 C1 C7
rk LT M- Mu
J MO CE CE

fold induction GR activity

E
5
4

LRH-1

8
6
4
2

10
5

80

LRH-1:GR

2
1
0
GRE

10

20

60
40
20
0

0
3
10 30
Dexamethasone [µM]

0
3
10 30
Dexamethasone [µM]

D 24h

20

at -4 C1 C7
rk LT M- Mu
J MO C E C E

3

40

80

40

0

DMSO
3d2
Dexa
3d2 + Dexa

60

Jurkat
MOLT-4
CEM-C1
CEM-C7

60

a t - 4 C1 C7
rk LT M- Mu
J MO CE CE

15

80

48h

100

Jurkat
MOLT-4
CEM-C1
CEM-C7

0

0

0

Jurkat

pGL3

15

24h

100

72
96
time [h]

mRNA expression ratio

GR

fold induction GR activity

6

DMSO
Dexa

72
96
time [h]

rel. mRNA expression (x102)

rel. mRNA expression (x103)

C

B

AnnexinV+ cells [%]

10

DMSO
Dexa

CEM-C1

20

F

MOLT-4

30

DMSO
3d2
Dexa
3d2 + Dexa

Jurkat
DMSO
3d2

20

10

5

0
pGL3

GRE

0
pGL3

5xRE

fold induction LRH-1 activity

15

MOLT-4

fold induction LRH-1 activity

DMSO
Dexa

20

AnnexinV+ cells [%]

Jurkat

cell number [x105 cells/ml]

20

cell number [x105 cells/ml]

cell number [x105 cells/ml]

A

10
8

MOLT-4
DMSO
3d2

6
4
2
0
pGL3

5xRE

296
297 Figure 3: GR, LRH-1 and GC resistance in T cell acute lymphoblastic leukemia cells.
298 (A) Cell count-based comparison of cellular proliferation of T-ALL cells after treatment with 3 µM dexamethasone
299 (Dexa). Mean values of three independent experiments ± SD are shown. (B) Flow cytometric analysis of cell death
300 by AnnexinV staining in T-ALL cell lines upon treatment with indicated Dexa concentrations for 24 h and 48 h. Cell
301 death is represented by the number of AnnexinV positive (AnnexinV+), apoptotic cells as a percentage (%) of total
302 cells. Mean values of n≥4 independent experiments ± SD are shown. (C) Expression levels of human GRα and
303 LRH-1 mRNA in human T-ALL cell lines were determined by probe-based real-time quantitative PCR, calculated
304 as relative expression compared to beta-actin and used to determine the LRH-1:GR ratio (right). (D) Immunoblots
305 of GR, Bim and Tubulin from T-ALL cells treated for 24. (E)/(F) GR and LRH-1 activity in human T-ALL cells. Jurkat
306 and MOLT-4 cells were transfected with a control luciferase reporter plasmid (pGL3) and either (E) GR responsive
307 (GRE) or (F) LRH-1 responsive (5xRE) luciferase reporter. β-galactosidase (bGal) was co-transfected as an internal
308 transfection control. One day after transfection, cells were treated with 40 µM 3d2 and/or 10 µM Dexa overnight.
309 Luciferase reporter activity was measured, normalized to bGal activity and calculated as relative to the DMSO310 treated luciferase control plasmid. Mean values of technical triplicates ± SD of a representative experiment (n=3)
311 are shown. For all displayed experiments dimethyl sulfoxide (DMSO; represented by Ø) was used as a solvent
312 control.
313
314 LRH-1 is a critical regulator of T-ALL proliferation and survival. Controlling
315 proliferation, pluripotency, stress response pathways and energy metabolism, LRH-1 was
316 shown to favor tumor progression of a variety of solid cancer types (Nadolny and Dong,
317 2015). As LRH-1 has vital functions in healthy T lymphocytes (Seitz et al., 2019), and its
318 expression as well as transcriptional activity was detected in T-ALL cell lines (Figure 3C,
319 F), we examined whether LRH-1 likewise favors growth and survival of leukemic T cells.
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Figure 4: LRH-1 is a critical regulator of T-ALL proliferation and survival.
Daily cell counting-based comparison of cellular proliferation of T-ALL cells after (A) treatment with 20 µM 3d2 and
(B) small hairpin RNA (shRNA)-mediated LRH-1 knockdown. Mean values of technical triplicates of one
representative experiment (n=3) ± SD are shown. Two-way ANOVA; * p < 0.05, *** p < 0.001. (C) mRNA expression
levels of human c-Myc and Cyclin E1 in Jurkat and MOLT-4 were determined by real-time quantitative PCR after
treatment with 20 µM 3d2 for 2/4/6 h. Fold induction relative to the DMSO-treated control (0h) was calculated after
normalization to beta-actin. (D) Immunoblots of c-Myc, Cyclin E1, phospho-p38 (P-p38) and Tubulin from T-ALL
cells treated as described in (C). (E) Cell cycle distribution of T-ALL cells treated for 24 h with DMSO or indicated
concentrations of 3d2 as measured by propidium iodide flow cytometry. Representative results from two
independent experiments are shown. Stacked bars represent the mean of technical triplicates ± SD. (F)
Simultaneous flow cytometric analysis of cell cycle distribution by EdU/DAPI staining and cell death by AnnexinV
staining in MOLT-4 cells upon treatment with 20 or 50 µM 3d2 for 24h. Dead cells are represented by the number
of AnnexinV positive (AnnexinV+), apoptotic cells as a percentage (%) of total cells and cell cycle phase distribution
as % of viable, AnnexinV negative (AnnexinV-) cells. Representative results from three independent experiments
are shown. Bars represent the mean of technical triplicates ± SD. (G) Flow cytometric analysis of cell death by
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AnnexinV staining in T-ALL cell lines upon treatment with indicated 3d2 concentrations for 24 h and 48 h. Mean
values of n=4 independent experiments ± SD are shown. (H) Flow cytometric analysis of cell death by AnnexinV
staining in wild-type (WT), Bcl-2 overexpressing (Bcl-2) and WT treated with 50 µM pan caspase inhibitor Z-VADFMK (zVAD) CEM-C1 cells upon treatment with indicated 3d2 concentrations for 24 h. Mean values of one
representative out of three independent experiments ± SD are shown. Two-way ANOVA, *** p < 0.001. (I)
Immunoblots of PARP, P-p38, c-Myc, Caspase 3 (Casp. 3), cleaved (cl.) Casp. 3, Bim and Tubulin from MOLT-4
cells treated with 40 µM 3d2 for indicated time periods. Representative results from two independent experiments
are shown. For all displayed experiments dimethyl sulfoxide (DMSO; represented by Ø or 0h) was used as a solvent
control.

346 Already after 24 h of specific pharmacological LRH-1 inhibition using compound 3d2,
347 Jurkat, MOLT-4 and CEM-C1 cells showed remarkably impaired proliferation when
348 compared to solvent control-treated cells. (Figure 4A). Similar results were also obtained
349 with the alternative LRH-1 inhibitor SR1848 (Figure EV2A). Strongly emphasizing an
350 essential role of LRH-1 in the regulation of T-ALL viability, we failed to generate LRH-1
351 knockout cells as the complete removal of LRH-1 protein did not allow for the selection of
352 viable, proliferating cells. Nonetheless, to rule out unspecific off-target effects of
353 pharmacological LRH-1 antagonists, we employed RNA interference-mediated silencing
354 to down-regulate LRH-1 expression in T-ALL cells. LRH-1 knockdown by lentiviral355 mediated introduction of a short hairpin RNA (shRNA) targeting LRH-1 (shLRH-1) was
356 confirmed by probe-based quantitative PCR (Figure EV2B). Notably, LRH-1 expression
357 was almost completely abolished in CEM-C1, while it was only reduced by 50-60% in
358 Jurkat and MOLT-4 when compared to non-targeting shRNA control construct (shcontrol).
359 Unfortunately, currently available human LRH-1 antibodies are not sensitive enough to
360 detect the comparably low LRH-1 protein levels in hematopoietic cells by Western blotting,
361 and thus LRH-1 knockdown could not be verified on protein level. Nonetheless,
362 comparable to pharmacological LRH-1 inhibition, LRH-1 knockdown caused a significant
363 growth inhibition in MOLT-4 and CEM-C1 cells (Figure 4B), suggesting that LRH-1 is
364 essential for T-ALL cell proliferation. To gain insight into the underlying molecular
365 mechanism(s), we analyzed the effect of 3d2-mediated LRH-1 inhibition on the expression
366 of c-Myc (Botrugno et al., 2004) and cyclin E1 (Xiao et al., 2018), two known cell-cycle367 regulating LRH-1 target genes. Within 4 h after 3d2 treatment, a strong downregulation of
368 c-Myc and cyclin E1 mRNA expression could be observed in MOLT-4 as well as CEM-C1
369 cells (Figure 4C). In contrast, LRH-1 inhibition caused rather dynamic changes in protein
370 abundance of both cell cycle regulators, with a marked reduction in MOLT-4 after only 2 h
371 and in CEM-C1 cells after 6 h (Figure 4D). A strong downregulation of c-Myc and cyclin
372 E1 protein levels was further detectable in LRH-1 knockdown T-ALL cells when compared
373 to the corresponding controls (Figure EV2C). In line with this downregulation of cell cycle
374 regulators known to be involved in the G1/S transition (Hume et al., 2020), LRH-1 inhibition
375 seemed to impede entry into the cell cycle. 3d2 treatment caused a dose-dependent
376 accumulation of unsynchronized Jurkat and MOLT-4 in the G0/G1 phase, while leaving
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377 CEM-C1 cells unaffected (Figure 4E). This was accompanied by a loss of cells in the S
378 and G2/M phase, while the proportion of cells in SubG1, representing apoptotic cells, was
379 not affected after 24 h. We could confirm that LRH-1 inhibition blocks proliferation of T380 ALL cells independently of apoptosis induction by combining quantification of dead cells
381 using Annexin V staining with a bidimensional cell cycle analysis of Annexin V-negative,
382 viable cells (Figure 4F). While 24 h treatment with 3d2 did not induce cell death, a strong
383 G1 arrest accompanied by a corresponding reduction of proliferating cells in the S and
384 G2/M phase was observed in MOLT-4 cells. Taken together, these results provide clear
385 evidence for an essential role of LRH-1 in the proliferation or more specifically the G1 to S
386 phase transition of T-ALL cells, likely via the transcriptional control of cell cycle-regulating
387 genes.
388
389 Interestingly, when the LRH-1 inhibitor 3d2 was applied at sufficiently high concentrations
390 and for prolonged time, it also induced cell death in T-ALL cells, as measured by Annexin V
391 staining (Figure 4G). Already after 24 h of treatment, 10-35% dead cells could be detected
392 in the different T-ALL cell lines in response to 3d2, which was further enhanced after 48 h
393 of treatment. While Jurkat and MOLT-4 cells displayed an intermediate sensitivity, CEM394 C1 cells were exquisitely sensitive to 3d2 and died up to 80%, whereas CEM-C7 cells were
395 comparably insensitive towards LRH-1 inhibition. In contrast, identical concentrations of a
396 3d2-related control substance (Benod et al., 2013), compound 2 (Cpd2), did not show any
397 cell death-inducing effects (Figure EV2D). To further verify the specificity of 3d2-induced
398 cell death, we next tested the cell death-promoting effects of SR1848. Requiring about
399 five- to six-fold lower concentrations (≤10 µM), this small molecule LRH-1 repressor
400 reduced the viability of CEM-C1 and MOLT-4 cells even more potently compared to 3d2
401 (Figure EV2E). This is in line with previous studies showing that SR1848 inhibits the
402 transcriptional activity of LRH-1 with higher potency (Schwaderer et al., 2017, Corzo et al.,
403 2015). In contrast, Jurkat cells were completely insensitive towards SR1848 (Figure
404 EV2E), even when applied at much higher concentrations.
405 Given the fact that not only apoptotic, but also late necrotic cells can be detected by
406 Annexin V staining (Crowley et al., 2016), we next wanted to analyze the nature of 3d2407 mediated T-ALL cell death. As caspase induction is a hallmark of apoptosis (Saraste and
408 Pulkki, 2000), we first tested whether cell death induction by 3d2 is suppressed upon
409 caspase inhibition. Indeed, treatment with the pan-caspase inhibitor z-VAD-fmk (zVAD)
410 markedly reduced the percentage of 3d2-induced Annexin V-positive CEM-C1 cells
411 (Figure 4H). Furthermore, overexpression of the anti-apoptotic protein Bcl-2 was sufficient
412 to completely rescue CEM-C1 cells from 3d2-induced cell death (Figure EV2F and Figure
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413 4H). Along these lines, a 3d2-induced transient activation of the stress kinase p38, known
414 to be activated by essentially all environmental stress stimuli (Canovas and Nebreda,
415 2021), and increase in the pro-apoptotic Bcl-2 family member Bim could be observed,
416 followed by caspase 3 processing and cleavage of the caspase substrate PARP,
417 consistent with apoptotic cell death (Figure 4I).
418 While early inhibition of LRH-1 with pharmacological inhibitors or when applied at low
419 concentrations mainly impairs proliferation, prolonged treatment with high concentrations
420 of LRH-1 inhibitors (especially 3d2) potently induced T-ALL cell death mediated by
421 activation of intrinsic apoptosis signaling. In summary, the presented results thus highlight
422 the importance of LRH-1 in cell cycle progression as well as survival of leukemic T cells.
423
424 Regulation of GC-induced cell death by LRH-1. With growing evidence that 3d2425 mediated LRH-1 inhibition enhances GR activity (Figure 2) by impairing the newly
426 discovered inhibitory GR-LRH-1 interaction (Figure 1), we next aimed to investigate
427 whether interference with LRH-1 may be exploited to sensitize T-ALL cells towards GC428 induced apoptosis. Therefore, we first evaluated the effects of the combination of a
429 sublethal concentration of dexamethasone with increasing amounts of 3d2. In all GC430 resistant T-ALL cell lines tested, dexamethasone significantly enhanced 3d2-mediated cell
431 death induction (Figure 5A). Interestingly, this effect was most pronounced in MOLT-4 that
432 also exhibited highest LRH-1 mRNA expression (Figure 3C). Furthermore, sublethal
433 concentrations of 3d2 restored dexamethasone sensitivity of MOLT-4 cells in a dose434 dependent manner resulting in a strong synergistic cell death induction with up to almost
435 100% apoptotic cells after 48 h (Figure 5B). Even though significant, only minimal
436 synergistic drug activity could be observed 24 h after combined dexamethasone and 3d2
437 treatment (Figure EV3A). This correlates with the overall comparably late onset of GC
438 toxicity occurring only after 48 h, as observed in CEM-C7 cells (Figure 3B). To our surprise,
439 3d2-mediated LRH-1 inhibition not only potently enhanced but also accelerated
440 dexamethasone-induced apoptosis in this GC-sensitive cell line (Figure 5C). Already after
441 24 h, non-toxic dexamethasone concentrations in combination with 3d2 resulted in a
442 striking, dose-dependent synergy promoting up to 60% cell death. In line with previous
443 experiments, this synergistic effect was even more pronounced after 48 h, when the
444 combined treatment of CEM-C7 cells with 3d2 and dexamethasone concentrations in the
445 low nanomolar range was sufficient to cause maximal cell death induction. This raised the
446 question whether a prolonged incubation might further enhance the synergistic drug effects
447 in GC-resistant Jurkat, MOLT-4 and CEM-C1 cells. We thus extended the treatment
448 duration from 48 h (Figure 5A) to 72 h, which barely altered the relatively low cell death
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449 rates in response to 3d2 or GC single treatments (Figure 5D). As anticipated, elongation
450 of the treatment, however, notably enhanced the 3d2-mediated sensitization towards
451 dexamethasone of all T-ALL cell lines tested and thus resulted in massive synergistic cell
452 death induction.
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Figure 5: Regulation of GC-induced cell death by LRH-1.
(A) Flow cytometric analysis of cell death by AnnexinV staining in T-ALL cell lines upon treatment with 30 µM
Dexamethasone (Dexa) and indicated 3d2 concentrations for 48 h. Mean values of n=4 independent experiments
± SD are shown. (B) Flow cytometric analysis of cell death by AnnexinV staining in MOLT-4 treated with 3d2 and
Dexa for 48 h. Mean values of one representative (n=4) ± SD are shown. (C) Flow cytometric analysis of cell death
by AnnexinV staining in CEM-C7 treated with treated with 3d2 and Dexa for 24 and 48 h. Mean values of n=3
independent experiments ± SD are shown. (D) Flow cytometric analysis of cell death by AnnexinV staining in TALL cell lines upon treatment with 55 µM 3d2 and 30 µM for 72 h. Representative results (technical triplicates) from
one out of three independent experiments are shown ± SD are shown. (E) Flow cytometric analysis of cell death by
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471

AnnexinV staining in T-ALL cell lines expressing a non- (shcontrol) or LRH-1 (shLRH-1) targeting small hairpin RNA
construct and 48 h treatment with Dexa. Mean values of n=3 independent experiments ± SD are shown. (F) Flow
cytometric analysis of cell cycle distribution by EdU/DAPI staining and cell death by AnnexinV staining in MOLT-4
cells upon treatment with 30 µM Dexa and 20 or 50 µM 3d2 for 48 h. Dead cells are represented by the number of
AnnexinV positive (AnnexinV+), apoptotic cells as a percentage (%) of total cells and cell cycle phase distribution
as % of viable, AnnexinV negative (AnnexinV-) cells. Representative results from three independent experiments
are shown. Bars represent the mean of technical triplicates ± SD. Two-way ANOVA, * p < 0.05, ** p < 0.01, *** p <
0.001.

472 Confirming the specificity of 3d2-mediated sensitization towards GC induced apoptosis,
473 we could show that the control substance Cpd2 did not synergize with dexamethasone in
474 any T-ALL cell line tested (Figure EV3B, C). Even more importantly, LRH-1 knockdown
475 (shLRH-1) significantly sensitized MOLT-4 and CEM-C1 cells towards dexamethasone476 induced cell death when compared to the corresponding control (Figure 5E). Similar as in
477 experiments using 3d2, the dose-dependent increase in Annexin V-positive LRH-1
478 knockdown cells was especially pronounced 48 h after dexamethasone application even
479 though significant, but mild effects were already observed after 24 h (Figure EV3D). In
480 contrast, shLRH-1-expressing Jurkat cells remained completely resistant towards GC481 induced apoptosis despite a reduction of LRH-1 mRNA expression in comparison to the
482 corresponding control could be verified by RT-qPCR (Figure EV2B).
483 Given the opposing roles of LRH-1 and the GR in cell cycle regulation of (leukemic) T cells,
484 we next addressed whether a combination of 3d2 and dexamethasone also synergistically
485 impairs T-ALL proliferation. Indeed, almost all cells that survived synergistic apoptosis
486 induction (viable, AnnexinV-negative) accumulated in the G1 phase in response to the
487 combination of dexamethasone and 3d2, as exemplarily shown in MOLT-4 cells (Figure
488 5F). Accordingly, barely any viable cells were detected in the S and G2/M phase,
489 suggesting that 3d2-mediated LRH-1 inhibition and GCs cooperatively prevent G1/S
490 transition in T-ALL cells. In line with the results described above (Figure 3A and 4F), a
491 notable but comparably mild G1 arrest could also be observed after 3d2 single treatment
492 while dexamethasone alone did not affect MOLT-4 cell proliferation.
493
494 Taken together, these results indicate that LRH-1 contributes to GC resistance and further
495 show that its synthetic antagonist 3d2 not only possesses anti-leukemic potential as a
496 single agent, but also cooperates with GCs to harm leukemic T cells by synergistically
497 inducing apoptosis and cell cycle arrest.
498
499 Sensitization to GC-induced cell death by 3d2 is mediated by improved upregulation
500 of Bim. Despite extensive research, the exact molecular mechanisms underlying GC
501 sensitivity and thus also resistance remain incompletely resolved. It is however well502 established that GC-induced cell death in healthy and malignant lymphocytes critically
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503 relies on activation of the intrinsic mitochondrial apoptosis pathway involving GR-mediated
504 upregulation of the pro-apoptotic Bcl-2 family member Bim (Jing et al., 2015). Accordingly,
505 GC resistance in T-ALL could be linked to an impaired ability to induce Bim expression
506 (Bachmann et al., 2007). In line with this, Bim protein levels remained unchanged when
507 MOLT-4 cells were treated with dexamethasone while a modest Bim protein induction
508 could be observed after 3d2-mediated LRH-1 inhibition (Figure 6A). However, combining
509 dexamethasone with increasing 3d2 concentrations triggered a marked, dose-dependent
510 increase of Bim protein levels and consequently also PARP cleavage, suggesting
511 induction of mitochondrial apoptosis signaling. In line with this, caspase inhibition using
512 zVAD-FMK rescued MOLT-4 cells not only from 3d2 single toxicity but also from the
513 synergistic cytotoxicity of 3d2 in combination with dexamethasone (Figure 6B).
514 To gain further information on the role of Bim in 3d2-mediated sensitization to GC-induced
515 apoptosis, we generated Bim knockout T-ALL cell lines using CRISPR/Cas9 (Figure
516 EV4A/B). Compared to the corresponding control, Bim-deficient CEM-C7 cells were
517 completely rescued from apoptosis induced by the combination of dexamethasone and
518 3d2(Figure 6C). Also after prolonged treatment (48 h) Bim deficiency significantly
519 protected CEM-C7 cells against this synergistic drug activity and prevented cell death
520 induction by high 3d2 concentrations applied as a single agent. (Figure EV4C). Similar
521 results were obtained in MOLT-4 cells (Figure EV4D). In comparison to CEM-C7 cells,
522 these effects were, however, far less pronounced as residual Bim protein expression was
523 detected in Bim knockout MOLT-4 cells (Figure EV4B). Nonetheless, these results suggest
524 the essential contribution of Bim in 3d2-induced apoptosis and especially in the 3d2525 mediated sensitization to GCs in T-ALL cells. Given that higher levels of Bim were detected
526 in LRH-1 knockdown cells (Figure 6D), it is possible that LRH-1 negatively regulates Bim
527 expression and/or abundance in a direct or indirect manner. Concurrently, reduced LRH528 1 expression was accompanied by a decrease in Bcl-2 protein levels. Thus, altered ratios
529 of Bim and Bcl-2 may contribute to increased GC sensitivity, as recently shown in leukemia
530 cells (Jing et al., 2015).
531 It is well-established that lymphotoxic GC effects not only rely on GR-mediated gene
532 induction, such as auto-upregulation of the GR and induction of Bim, but also on non533 genomic, GR-independent signaling pathways (Clarisse et al., 2020). We thus deleted the
534 GR from T-ALL cells to determine whether its presence is required or dispensable for the
535 synergistic cell death induction by GCs and 3d2 (Figure EV4E, F). A profound protection
536 from apoptosis was observed in GR-deleted MOLT4 cells treated with dexamethasone
537 plus 3d2 (Figure 6E, Figure EV4G), indicating that GR signaling is required for the
538 synergistic induction of cell death in T-ALL cells. Interestingly, even cell death induced by
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539 3d2 alone was reduced in GR-deficient cells, suggesting that LRH-1 inhibition may
540 facilitate endogenous GR signaling in MOLT4 cells.
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Figure 6 Sensitization to GC-induced cell death by 3d2 is mediated by improved upregulation of Bim.
(A) Immunoblots of PARP, Bim and Tubulin from MOLT-4 cells treated for 24 h with 10 µM dexamethasone (Dexa)
and indicated 3d2 concentrations. (B) Flow cytometric analysis of cell death by AnnexinV staining in MOLT-4 cells
treated with 3d2, 30 µM Dexa and/or 50 µM pan caspase inhibitor Z-VAD-FMK (zVAD), for 24 h. Mean values of
technical triplicates of one representative out of three independent experiments ± SD are shown. (C) Flow
cytometric analysis of cell death by AnnexinV staining in control or Bim knockout (Bim KO) CEM-C7 cells treated
with 3d2 and 30 µM Dexa, for 24 h. Mean values of technical triplicates of one representative out of four independent
experiments ± SD are shown. (D) Immunoblots of Bim, Bcl-2 and Tubulin from MOLT-4 expressing a non(shcontrol) or LRH-1 (shLRH-1) targeting small hairpin RNA construct. (E) Flow cytometric analysis of cell death by
AnnexinV staining in control or glucocorticoid receptor knockout (GR KO) MOLT-4 cells treated with 3d2 and 30 µM
Dexa for 24 h. Mean values of n=3 independent experiments ± SD are shown. (F/G) mRNA expression levels of
human GR (F) and Bim (G) in shcontrol and shLRH-1 CEM-C1 cells were determined by real-time quantitative PCR
after treatment with 1 µM Dexa for indicated times. Fold induction relative to the untreated shcontrol sample (0h)
was calculated after normalization to beta-actin. Values of one representative experiment are shown (n=2). (H)
Immunoblots of PARP, GR and phospho-AMPK (P-AMPK), c-Myc, full-length and cleaved (Cl.) Caspase 3, Bim
and Tubulin from MOLT-4 cells treated for 24 h with 40 µM 3d2 and or 10 µM Dexa. For all displayed experiments
dimethyl sulfoxide (DMSO; represented by 0 or Ø) was used as a solvent control. Two-way ANOVA, ** p < 0.01, ***
p < 0.001.

This is a provisional file, not the final typeset article.

20

98

560 In line with previous studies showing that the GR critically regulates Bim expression in a
561 direct (Jing et al., 2015) or indirect manner (Heidari et al., 2012), GR deficiency was
562 accompanied by decreased Bim RNA levels and protein (Figure EV4E, F). Vice versa,
563 knockdown of LRH-1 increased the basal GR mRNA expression threefold and further
564 improved upregulation of the GR in response to dexamethasone when compared to the
565 corresponding control cell line (Figure 6F). Similarly, LRH-1 knockdown CEM-C1 cells
566 expressed higher Bim mRNA under basal conditions, and prolonged treatment with
567 dexamethasone induced a drastic increase in Bim mRNA expression compared to control
568 cells (Figure 6G). After 24 h, this improved transcriptional upregulation also clearly
569 translated into increased protein levels of Bim in MOLT-4 (Figure 6H) and CEM-C1 cells
570 (Figure EV4H). Silencing of LRH-1 resulted also in increased basal and GC-induced GR
571 protein levels in CEM-C1 cells (Figure EV4H), while this effect was less pronounced in
572 MOLT-4 cells (Figure 6H). Whereas at this early time point (24 h) increased
573 dexamethasone-induced GR and Bim expression could be observed, only little caspase
574 activation as monitored by caspase 3 and PARP cleavage could be detected (Figure
575 EV4H, Figure 6H), but synergistic induction of cell death by dexamethasone in LRH-1576 silenced cells became evident after 48 h (Figure 5E).
577 In line with a role of LRH-1 in the regulation of energy metabolism via the transcriptional
578 regulation of glutaminase 2 (GLS2) and glucokinase (GCK) (Xu et al., 2016, Oosterveer et
579 al., 2012), increased phosphorylation of the AMP-activated protein kinase (AMPK) was
580 observed in LRH-1-silenced or 3d2-treated cells (Figure 6H, Figure EV4H) suggesting
581 increased metabolic stress due to lower cellular ATP levels. Increased activation of AMPK
582 was paralleled by reduced c-Myc levels (Figure 6H, Suppl. Figure 4H), likely resulting in
583 the reduced proliferation detected in 3d2-treated or LRH-1-silenced cells. Similar to other
584 cancer types (Michalek and Brunner, 2020), LRH-1 is thus also a critical regulator of
585 metabolic pathways and associated energy production in T-ALL cells.
586
587 In summary, these data support the idea that synergistic cell death induction by
588 dexamethasone and 3d2 treatment is executed by the intrinsic, mitochondrial apoptosis
589 pathway involving Bcl-2 family members and caspase signaling.

Importantly,

590 pharmacological LRH-1 inhibition and LRH-1 downregulation yielded comparable results,
591 supporting the specificity of 3d2. Both, pharmacological inhibition and LRH silencing
592 promoted T-ALL sensitization to GCs by restoring GR activity (Figure 3E) and associated
593 induction of the pro-apoptotic BCL-2 member Bim. Moreover, activation of AMPK suggests
594 a role of LRH-1 in the energy production of leukemic T cells.
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595 Synergistic cell death induction by 3d2 and dexamethasone in patient-derived
596 human T-ALL. Thus far, our data strongly suggest that LRH-1 is not only essential for the
597 proliferation and survival of T-ALL cells but seems also to be critically involved in the
598 regulation of GC sensitivity due to a protein-protein interaction-mediated inhibition of the
599 GR. To address the relevance of these finding in T-ALL patient samples, we next assessed
600 the effect of 3d2-mediated LRH-1 inhibition on dexamethasone sensitivity in human T-ALL
601 patient-derived xenografts (PDX), that closely recapitulate the genetic landscape of
602 primary leukemic T cells (Frismantas et al., 2017, Richter-Pechańska et al., 2018). Primary
603 human T-ALL PDX, co-cultured ex vivo on mesenchymal stromal cells, were treated for
604 72 h with increasing concentrations of 3d2 and dexamethasone in a matrix-based assay.
605 Cell viability was subsequently analyzed using an imaging-based ﬂuorescence readout as
606 described previously (Frismantas et al., 2017) (Figure 7A).
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608 Figure 7 Synergistic cell death induction by 3d2 and dexamethasone in patient-derived human T-ALL.
609 (A) Ex vivo response of human T cell acute lymphoblastic leukemia (T-ALL) patient-derived xenografts (PDX), co610 cultured on hTERT-immortalized primary bone marrow MSCs, to treatment with indicated concentrations of 3d2 or
611 3d2 in combination with 100 nM dexamethasone (Dexa). Cell viability was quantified by fluorescent live cell staining
612 using CyQuant combined with automated image analysis (Frismantas et al., 2017) and calculated as percentage
613 (%) of the dimethyl sulfoxide treated control. (B) In vivo leukemia progression of human T-ALL PDX transplanted
614 into NSG mice treated for 3 weeks with vehicle (PBS control), 40 mg/kg 3d2 and or 10 mg/kg Dexamethasone
615 starting 3 days post transplantation. Engraftment was calculated as % of human vs total (human+mouse) CD45
616 positive (CD45+) cells as assessed by flow cytometric analysis of peripheral blood.
617
618 3d2 applied as a single agent did not affect the viability of the majority of the T-ALL
619 samples. Nevertheless, in one out of the four tested T-ALL PDX (Sample 2) less than 2 µM
620 3d2 was sufficient to notably reduce cellular viability. More importantly, while all patient621 derived cells were insensitive to dexamethasone alone, combined treatment of cells with
622 3d2 and dexamethasone resulted in synergistic induction of cell death in most samples
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623 tested. Excitingly, approximately 100 times lower concentrations of dexamethasone than
624 in T-ALL cell lines were sufficient to promote synergistic cell death induction (Figure 7A),
625 suggesting that primary T-ALL cells respond particularly well to the combination of 3d2
626 and dexamethasone. Accordingly, an additive or even synergistic activity of
627 dexamethasone and 3d2 could be confirmed in 75% of the in total 8 primary T-ALL
628 samples tested as indicated by synergy score (Z-score) values above 0 (Table EV1). In
629 some T-ALL samples (e.g. Samples 2 and 3) a striking synergy between dexamethasone
630 and 3d2 was observed, as already low nanomolar 3d2 concentrations resulted in maximal
631 cell death. In contrast, dose-dependent, intermediate synergistic effects or a complete lack
632 of cell death induction was observed in other PDXs, as exemplified by Sample 1 and
633 Sample 4, respectively (Figure 7A).
634
635 Given the promising anti-leukemic effects of the combination of 3d2 and dexamethasone
636 in cell lines as well as ex vivo cultured PDX, we wanted to further assess the potential
637 clinical application of these findings. Even though we demonstrated that 3d2 does not
638 exhibit single dose toxicity in vivo while having potent beneficial effects in acute T cell as
639 well as macrophage-mediated hepatitis models (Schwaderer et al., 2017, Schwaderer et
640 al., 2020), up to date there are no published data regarding the long-term efficacy, adverse
641 effects or cumulative toxicity of 3d2 in mammals. To test the therapeutic potential of long642 term 3d2 treatment alone or in combination with GCs in vivo, we conducted a small-scale
643 pre-clinical in vivo experiment employing two of the ex vivo tested primary T-ALL samples
644 in a xenograft model. To further reduce the sample size, we did single mouse testing. This
645 approach almost equals conventional methods for predicting drug responses but only
646 employs one immunodeficient mouse injected with PDX cells per treatment condition
647 (Murphy et al., 2016). In short, after a three-week treatment with dexamethasone and/or
648 3d2 injections every two or five days respectively, leukemia engraftment was monitored
649 over time by determining the proportion of human CD45+ hematopoietic cells in the
650 peripheral blood using flow cytometry. The two patient-derived tumor samples showed
651 quite different growth behavior in vivo (Figure 7B). While Sample 2 resulted in an already
652 very high tumor burden after 40 days, Sample 1 required more than 60 days for notable
653 tumor engraftment. First and foremost, no obvious general toxicity nor adverse drug
654 reactions as documented by increased weight loss were observed after long-term and
655 repeated in vivo administration of 3d2, suggesting a relatively good safety profile.
656 Somewhat unexpectedly, the response to combined dexamethasone and 3d2 treatment in
657 vivo did only partially correlate with the intermediate and strong in vitro synergy for Sample
658 1 and Sample 2, respectively (Figure 7A). Despite lacking sensitivity ex vivo, single agent
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659 dexamethasone and 3d2 treatment delayed the in vivo leukemia progression of both T660 ALL patient-derived tumor cells to some extent, but eventually resulted in a similar tumor
661 burden as in control treated animals. Most importantly, the combination of dexamethasone
662 and 3d2 synergistically reduced the accumulation of human leukemia cells in the
663 peripheral blood after transplantation of PDX Sample 1. In comparison to the single agents
664 alone, combined LRH-1 inhibition and GR activation not only drastically prolonged survival
665 by more than 20 days, but also seemed to ultimately result in leukemia regression.
666 Contrary to expectations based on the strong synergistic effects in vitro, combination
667 therapy only transiently delayed in vivo leukemia progression of the highly aggressive
668 primary T-ALL cells from patient Sample 2.
669 In conclusion, these PDX-based ex vivo and in vivo experiments confirm our in vitro data
670 suggesting an essential role of LRH-1 in proliferation, survival and GC responsiveness of
671 human T-ALL cells in the majority of samples tested. Thus, LRH-1 inhibitor-based re672 sensitization of tumor cells to GC-induced cell death may represent an interesting novel
673 therapeutic approach for the treatment of T-ALL, at least in a subset of patients.
674
675

Discussion

676 Transcription factors of the NR superfamily have diverse regulatory functions in a wide
677 variety of biological processes via the transcriptional control of complex gene regulatory
678 networks (Kininis and Kraus, 2008). Since a deregulation of their activity is linked to various
679 diseases, NRs represent interesting therapeutic targets, and current research thus aims
680 at the design and characterization of compounds that specifically stimulate or repress NR
681 activity. Apart from ligand-binding, heterodimerization with other transcription factors,
682 including other NRs, has been shown to critically contribute to the regulation of NR activity,
683 further increasing the range and complexity of individual NR target gene networks and
684 regulation (Amoutzias et al., 2007, Weikum et al., 2018). Particularly well-described in this
685 context are the direct physical interactions of the GR with NF-κB, respectively AP-1, that
686 are primarily responsible for the immune-suppressive effects of GCs by transrepressing
687 these two pro-inflammatory transcription factors (Liden et al., 1997, Schule et al., 1990,
688 Liberman et al., 2018). However, the direct protein-protein interactions with these survival689 promoting transcription factors result also in GR sequestration, and thus restriction of the
690 GC-initiated cell death-inducing activity of the GR, which mainly relies on its transcriptional
691 activity (Bosscher et al., 2003).
692
693 Here we report a novel heterodimeric interaction of the GR with LRH-1 with important
694 consequences for their respective transcriptional activities. GR and LRH-1 belong to
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695 different mechanistic subclasses of the NR family. Whereas the GR requires ligand696 dependent activation resulting in its release from multimeric, cytosolic chaperone
697 complexes, and subsequent translocation to the nucleus (Timmermans et al., 2019), LRH698 1 exhibits constitutive nuclear localization and transcriptional activity (Sablin et al., 2003,
699 Stein and Schoonjans, 2015), although transcriptional activity can be further modulated by
700 ligand-binding (Sun et al., 2021). Given that under steady-state conditions LRH-1 and GR
701 are physically separated, direct physical interaction of both NRs was detected only after
702 ligand-induced translocation of the GR to the nucleus, as assessed qualitatively (Figure
703 1C, Figure EV1E) and quantitatively (Figure 1D) by BiFC. The interaction-associated
704 potent mutual inhibition of transcriptional activities (Figure 2) closely resembles the
705 transrepression described for the interaction of the GR and NF-κB, resp. AP-1. Importantly,
706 this physical and regulatory interaction was found to be specifically modulated by small
707 molecule LRH-1 inhibitors to selectively increase or repress GR activity. While 3d2708 mediated LRH-1 inhibition reduces antagonistic GR-LRH-1 interactions, consequently
709 resulting in increased GR activity, SR1848 significantly reinforces interactions between
710 LRH-1 and GR, and associated transrepression due to the translocation of LRH-1 to the
711 cytoplasm.
712 LRH-1 and GR have fundamentally opposing regulatory functions in immune cells.
713 Therefore, the reciprocal antagonism of the GR, and LRH-1 is most likely implicated in
714 various physiological and pathophysiological processes involving immune cells and
715 interactions with tissue cells. Only recently, LRH-1 expression, function and
716 pharmacological targetability could be unequivocally confirmed in hematopoietic cells
717 (Benod et al., 2011; Schwaderer et al., 2017; Schwaderer et al., 2020; Seitz et al., 2019).
718 Even though lymphocytes exhibit rather low LRH-1 expression levels in comparison to
719 other tissues (Bookout et al., 2006; Seitz et al., 2019; Uhlén et al., 2015), LRH-1 is
720 indispensable for T cell development and function (Seitz et al., 2019). The critical role of
721 LRH-1 in T cells is emphasized by the observation that LRH-1 deletion in tissues with high
722 LRH-1 expression, such as the liver and the intestine, does not cause any tissue-specific
723 developmental defects (Lee et al., 2008; Mataki et al., 2007), whereas T cell-specific LRH724 1 deletion results in a drastic reduction of mature peripheral T lymphocytes, and strongly
725 impaired activation-induced proliferation and effector functions of the remaining T cells
726 (Seitz et al., 2019). Consequently, LRH-1-deficient T cells fail to promote intestinal
727 inflammation in a transfer model of experimental colitis (Seitz et al., 2019), illustrating the
728 importance of LRH-1 in regulating T cell proliferation and pro-inflammatory effector
729 functions. In line with this notion, LRH-1 is also expressed at low levels in T-ALL cells
730 (Figure 3C, E), yet is critically involved in the regulation of proliferation and survival of GCThis is a provisional file, not the final typeset article.
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731 resistant T-ALL cells (Figure 3B and Figure 4). Thereby confirming the proposed
732 oncogenic properties of LRH-1 (Michalek and Brunner, 2020), we suggest that LRH-1
733 represents an interesting therapeutic target in the treatment of T cell leukemias.
734
735 In contrast to LRH-1, GR activation suppresses T cell proliferation and T cell-mediated
736 inflammation, in part also by promoting T cell apoptosis. Activation-induced LRH-1
737 expression therefore likely also limits the anti-proliferative and cell death-promoting activity
738 of the GR. Accordingly, and underscoring the relevance and pathophysiological
739 significance of this study, our data strongly emphasizes an important role of the newly
740 identified GR-LRH-1 interaction in GC responsiveness of leukemic T cells. Due to their
741 strong immunomodulatory and cell death-promoting actions, synthetic GCs are among the
742 most prescribed drugs, and current mainstay in the therapy of inflammatory and auto743 immune diseases, as well as hematopoietic malignancies, including T-ALL (Hodgens and
744 Sharman, 2021; Pearson and Eliel, 1950). As the therapeutic potential of GCs is, however,
745 severely limited by the high incidence of primary or secondary GC resistance with ill746 defined underlying molecular mechanisms, there is an urgent need for new therapeutic
747 options and targets to effectively treat T-ALL (Olivas-Aguirre et al., 2021). By
748 pharmacological

inhibition

and

RNA

interference

experiments,

we

obtained

749 comprehensive data that LRH-1 inhibition targets GC-resistant T-ALL cells at various
750 levels. i) By reducing the expression of c-Myc and cyclin E1, two well-known LRH-1 target
751 genes that regulate G1/S transition (Hume et al., 2020, Botrugno et al., 2004, Xiao et al.,
752 2018), LRH-1 inhibitors strongly impair the proliferation of leukemic T cells. ii) Furthermore,
753 at higher concentrations, LRH-1 inhibition by 3d2 activates the intrinsic apoptosis pathway
754 involving upregulation of Bim, caspase 3 activation and PARP cleavage (Figure 4 G-I). iii)
755 Most importantly, we show that antagonism of LRH-1 restores GC sensitivity, resulting in
756 synergistic induction of cell death upon treatment of T-ALL cells by 3d2 and
757 dexamethasone (Figure 5). Highlighting the potential clinical relevance of LRH-1-mediated
758 suppression of GR signaling and GC resistance also in primary human patient samples,
759 we could demonstrate that the majority of PDX cells responded by increased cell death
760 induction upon combined treatment with 3d2 and dexamethasone.
761
762 Our data suggest several molecular mechanisms underlying this synergistic induction of
763 cell death, with the most relevant one presumably being the 3d2-mediated disruption of
764 the antagonistic GR-LRH-1 complex (Figure 1D). Consequently, by restoring GR activity
765 in GC resistant T-ALL cell lines (Figure 3E) 3d2 facilitates initiation of the mitochondrial
766 apoptosis signaling pathway in response to GCs, thereby enhancing dexamethasone
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767 sensitivity of GC-resistant and sensitive T-ALL cell lines (Figure 5). Since GR auto768 induction and Bim upregulation were shown to be critical for GC-mediated cell death
769 (Ramdas et al., 1999), which was observed in GC-sensitive but not resistance T-ALL cell
770 lines (Figure 3D), many combination therapy approaches aim at re-establishing these
771 processes. For example, reversal of GC resistance by the mTOR (mammalian target of
772 rapamycin) inhibitor Rapamycin (Lopez-Royuela et al., 2010, Guo et al., 2013) or the
773 protein synthesis inhibitor Anisomycin critically relies on the cooperative upregulation of
774 GR and Bim (Liu et al., 2014). Our results indicate that the synergistic drug activity of
775 dexamethasone and 3d2 is analogously based on improved GR upregulation and
776 activation (Figure 3D). Furthermore, we identified Bim as a crucial component of cell death
777 induction by 3d2 and dexamethasone (Figure 6). Together with the observation that GR
778 deletion protects from 3d2-mediated re-sensitization towards dexamethasone (Figure 6D,
779 Suppl. Figure 4G) our data demonstrate that the presence of transcriptionally active GR is
780 a fundamental prerequisite for GC-induced cell death (Brown and Ferrando, 2018).
781 Interestingly, GR deletion also rescued from 3d2 single toxicity. This suggests that
782 apoptosis induction by 3d2 may involve activation of endogenous GR signaling due to the
783 release of the GR from LRH-1-mediated sequestration (Figure 6D, Suppl. Figure 4G). In
784 this respect, it has been interesting to observe that dexamethasone-induced apoptosis is
785 enhanced in LRH-1-deficient thymocytes (S. Michalek, T. Brunner, unpublished
786 observation). Thus, antagonistic LHR-1-GR interactions seem to play comparable roles in
787 the regulation of proliferation and cell death induction in primary and malignant T cells.
788
789 The high inter-patient variability resulting from the genomic plasticity of T-ALL cells and
790 the multitude of factors contributing to GC resistance (Clarisse et al., 2020) possibly
791 accounts for the somewhat differing responsiveness of T-ALL cell lines towards combined
792 treatment with 3d2 and dexamethasone. However, despite the general heterogenicity of
793 patient-derived leukemia cells, we observed an additive or in many cases even synergistic
794 reduction in cell viability in most ex vivo cultured human PDX samples after combined
795 treatment using low doses of dexamethasone and 3d2 (Table EV1, Figure 7A). Even more
796 remarkable, a synergistic delay of leukemia progression could also be observed in a
797 corresponding in vivo PDX T-ALL engraftment model. This up to date unique long-term
798 and repeated application of LRH-1 inhibitors in general and 3d2 in particular provides
799 further very first evidence for the relative safety of systemic treatment with LRH-1
800 inhibitors. Despite the limited sample size, these experiments with human PDX tumor cells
801 emphasize the clinical significance of the newly discovered GR-LRH-1 interaction in the
802 context of pathophysiological GC resistance and confirm an important role of LRH-1 in the
This is a provisional file, not the final typeset article.

27

105

803 regulation of leukemic T cell viability. Whether relative LRH-1 and GR expression levels,
804 resp. ratios, will have prognostic value in predicting sensitivity to combined treatment of T805 ALL patient samples with 3d2 and dexamethasone remains to be determined. Similarly,
806 future studies must complement our so far very promising initial results and validate how
807 critical LRH-1-mediated GR sequestration is in general in mediating GC resistance in T808 ALL patients.
809 Taken together, we discovered a novel GC-dependent direct physical interaction of the
810 GR with LRH-1 that results in transrepression of both nuclear receptors and that mediates
811 GC resistance. Specific LRH-1 inhibitors can be used to modulate the GR-LRH-1
812 interaction and mutual antagonism to selectively restore or repress GR activity and
813 associated GC sensitivity. Furthermore, LRH-1 was found to be a critical regulator of T814 ALL cell proliferation and survival. Thus, our findings may also have important implications
815 for the design and development of innovative LRH-1 inhibitor-based therapeutic
816 approaches to delay leukemia progression and re-sensitize T-ALL cells towards GCs and
817 possibly also other chemotherapeutic drugs.
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818

Structured Methods

819 REAGENTS AND TOOLS TABLE
REAGENT or RESOURCE
Experimental models
Bacterial and virus strains

SOURCE

IDENTIFIER

E. Coli DH5α for plasmid preparation
E. Coli Stbl3 for cloning of
lentiCRISPRv2 constructs
E. Coli XL-1 blue supercompetent for
cloning of split-YFP constructs

previous hosting lab
previous hosting lab

N/A
N/A

previous hosting lab

N/A

B. Bornhauser

N/A

CEM-C1

ATCC

CEM-C1 Bcl-2
CEM-C1 shcontrol
CEM-C1 shLRH-1
CEM-C7 control KO
CEM-C7 hGR KO
CEM-C7-14 (CEM-C7)
HEK 293H

(Brumatti et al., 2008)
This study
This study
This study
This study
(Bornhauser et al., 2007)
Thermo Fisher Scientific

HEK 293T

ATCC

hTERT-immortalized mesenchymal
stroma cells (MSC)
Jurkat

(Mihara et al., 2003)

Cat# CRL-2265;
RRID:CVCL_3496
N/A
N/A
N/A
N/A
N/A
RRID:CVCL_6825
Cat# 11631017;
RRID:CVCL_6643
Cat# CRL-3216;
RRID:CVCL_0063
N/A

Jurkat shcontrol
Jurkat shLRH-1
MOLT-4

This study
This study
ATCC

MOLT-4 Bim KO
MOLT-4 control KO
MOLT-4 GR KO
MOLT-4 shcontrol
MOLT-4 shLRH-1

This study
This study
This study
This study
This study

Cat# TIB-152;
RRID:CVCL_0367
N/A
N/A
Cat# CRL-1582,
RRID:CVCL_0013
N/A
N/A
N/A
N/A
N/A

The Jackson Laboratory

Cat#005557

Invitrogen

V80020

(Liden et al., 1997)

N/A

Addgene (Sanjana et al.,
2014)
This study
This study
This study
Gift from Marco Herold
Gift from Marco Herold

Cat# 52961

Biological samples
Patient-derived xenografts

Cell lines

ATCC

Organisms/Strains
NSG mouse strain (NOD.CgPrkdcscid Il2rgtm1Wjl/SzJ)

Recombinant DNA
Control empty vector:
pcDNA3.1 Myc/His (+) A (pcDNA)
GR-responsive luciferase reporter
plasmid:
GRE2-tk-luc (GRE)
lentiCRISPRv2

lentiCRISPRv2 gEGFP
lentiCRISPRv2 human Bim
lentiCRISPRv2 human GR
Lentiviral packaging plasmid pRSV-Rev
Lentiviral packaging plasmid
pMDLg/pRRE
Lentiviral VSV-G envelope plasmid
Gift from Marco Herold
pMD2.G
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LRH-1-responsive luciferase reporter
plasmid:
TKpGL3 LRH-1-RE 5x (5xRE)
Luciferase reporter empty vector:
pGL3 basic (pGL3)
MISSION® pLKO.1-puro NonMammalian shRNA Control Plasmid
DNA (shcontrol)
NR5A2 MISSION® shRNA Plasmid
DNA (shLRH-1)
pcDNA3.1_YFP1_L_hLRH-1
dsRed-tagged GR (dsRed-GR); Vector
backbone: pDsRed2-N1
eGFP-tagged LRH-1 (eGFP-LRH-1);
Vector backbone: pEGFP-C1
Myc/6xHis-tagged human GR (GR);
Vector backbone: pcDNA
Myc/6xHis-tagged human LRH-1 (LRH1); Vector backbone: pcDNA
Myc/6xHis-tagged β-galactosidase
(bGal); Vector backbone: pcDNA
pcDNA3.1_GR_L_YFP2
pcDNA3.1_YFP1_L_hGR
pcDNA3.1-CCR7YFP2
pcDNA3.1-YFP1-N-term
pEGFP-C1

(Schoonjans et al., 2002)

N/A

Promega

Cat# E1751

Sigma-Aldrich

Cat# SHC002

Sigma-Aldrich

N/A

Cat# SHCLNDNM_003822
YFP1-LRH-1
(Backbone: Takara Bio
Cat# 632406)
N/A

N/A

(Backbone: pcDNA)

N/A

(Backbone: pcDNA)

N/A

(Backbone: pcDNA)

This study
This study
Gift from D. Legler (Hauser
et al., 2016)
Gift from D. Legler
Clontech

GR-YFP2
YFP1-GR
pcDNA3_C-term-YFP2

Anti-Bcl2

Cell Signaling Technology

Anti-Bim

Cell Signaling Technology

Anti-Caspase3

Millipore

Anti-Cleaved Caspase 3

Cell Signaling Technology

Anti-CyclinE1

Cell Signaling Technology

Anti-GFP
Anti-GR

Roche
Cell Signaling Technology

Anti-MYC

Cell Signaling Technology

Anti-PARP

Cell Signaling Technology

Anti-phospho-AMPK

Cell Signaling Technology

Anti-phospho-p38

Cell Signaling Technology

Anti-Tubulin

Sigma-Aldrich

APC anti-humanCD45
(anti-hCD45)
Brilliant Violet 510(TM) anti-mouseCD45
(anti-mCD45)
FITC anti-humanCD7
(anti-hCD7)

BioLegend

Cat# 2870;
RRID:AB_2290370
Cat# 2933,
RRID:AB_1030947
Cat# 235412;
RRID:AB_2259557
Cat# 9661;
RRID:AB_2341188
Cat# 20808;
RRID:AB_2783554
Cat# 11 814 460
Cat# 12041;
RRID:AB_2631286
Cat# 13987;
RRID:AB_2631168
Cat# 9532;
RRID:AB_659884
Cat# 2535;
RRID:AB_331250
Cat# 9212;
RRID:AB_330713
Cat# T5168;
RRID:AB_477579
Cat# 304011;
RRID:AB_314399
Cat# 103137;
RRID:AB_2561392
Cat# 982704;
RRID:AB_2650638

This study
N/A

pcDNA3_YFP1-N-Term
N/A (discontinued)

Antibodies

BioLegend
BioLegend

Oligonucleotides and other sequence-based reagents
LRH-1 targeting shRNA sequence
(shLRH-1):
CCGGGCGTTGTCCTTACTGTCGTTTC

Sigma-Aldrich
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TCGAGAAACGACAGTAAGGACAACG
CTTTTT (Vector: pLKO.1)
non-mammalian shRNA control
sequence (shcontrol):
CCGGCAACAAGATGAAGAGCACCAA
CTCGAGTTGGTGCTCTTCATCTTGTT
GTTTTT (Vector: pLKO.1)
Primer sequences cloning of split YFPconstructs
Primers sequences RT-qPCR
sgRNA sequences

Sigma-Aldrich

N/A

This study (Metabion)

Table EV2

This study (Metabion)

Table EV3

This study (Metabion)

Table EV4

Chemicals, enzymes and other reagents
Adenosine 5-triphosphate (ATP)
Co-Enzyme A
cOmplete™, EDTA-free Protease
Inhibitor Cocktail (protease inhibitor)
Compound 2 (Cpd2)
Compound 3d2 (3d2)
D-Luciferine Na salt (Luciferin)
DAPI
Dexamethasone
DNase I (RNase-free)
FastAP Thermosensitive Alkaline
Phosphatase
FastDigest Buffer (10x)
FastDigest Esp3I (BsmBI)
Fluorescein isothiocyanate (FITC)labeled AnnexinV
Fluoroshield™ with DAPI
Hoechst 33342
Luminol
Ni Sepharose 6 Fast Flow l
O-nitrophenyl-β-D-galactopyranoside
(ONPG)
p-Coumaric acid
Polybrene (Hexadimethrine bromide)
Polyethylimine (PEI)
Propidium Iodide (PI)
Puromycin.2HCl
Restriction enzyme: ClaI
Restriction enzyme: EcoRI
Restriction enzyme: XbaI
Restriction enzyme: XhoI
RNA-Solv®
RU486 (Mifepriston)
SR1848
T4 DNA Ligase
T4 DNA Ligase Reaction Buffer
T4 PNK
TriFastTM
zVAD-FMK

Roth
PJK
Roche

Cat# K029.2
Cat# 102211
Cat# 04693132001

ChemBridge Corp
ChemBridge Corp
PJK
BioLegend
Sigma-Aldrich
New England BioLabs
Thermo Fisher Scientific

ID: 7826747
ID: 16728690
Cat# 102132
Cat# 422801
Cat# D4902
Cat# M0303
Cat# EF0654

Thermo Fisher Scientific
Thermo Fisher Scientific
This study

Cat# B64
Cat# FD0454
N/A

Sigma-Aldrich
InvitrogenTM
Fluka
GE Healthcare
Roth

Cat# F6057
Cat# H1399
Cat# 09253
Cat# 17-5318-01
Cat# CN.22

Sigma-Aldrich
Sigma-Aldrich
Polysciences
Sigma-Aldrich
Enzo Life Sciences
New England BioLabs
New England BioLabs
New England BioLabs
New England BioLabs
Omega Bio-Tek
TOCRIS
Sigma-Aldrich
New England BioLabs
New England BioLabs
New England BioLabs
VWR
Selleck Chemials Llc

Cat# C-9008
Cat# H9268
Cat# P3143
Cat# P4864
Cat# BML-GR312
Cat# R0197
Cat# R3101
Cat# R0145
Cat# R0146
Cat# R6830
Cat# 1479
Cat# SML 1513
Cat# M0202
Cat# B0202S
Cat# M0201S
Cat# 30-2030
Cat# S7023

(Misselwitz et al., 2010)
Carl Zeiss Microscopy
BD Biosciences
Broad Institute
Zhang Lab, Cambridge, MA

N/A
SE64 Rel.4.8
V6.2
http://cellprofiler.org/
crispr.mit.edu

FlowJo LLC

V10.7

Software
Advanced Cell Classifier
AxioVision Software
BD FACSDiva
Cell ProfilerTM
CRISPR design tool (no longer
available)
FlowJo
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ImageJ
Prism
StepOnePlus™ Software
SyngeryFinder web application (V2.0)

Wayne Rasband, NIH, US
GraphPad Software
Thermo Fisher
(Ianevski et al., 2017)

ZEN Software

Carl Zeiss Microscopy

1.48v
V6.0
v2.3
https://synergyfinder.fim
m.fi/synergy/202106031
04758451136/
N/A

Bio-Rad Laboratories

Cat# 1652086

Addgene

https://media.addgene.o
rg/cms/filer_public/4f/ab/
4fabc269-56e2-4ba592bd09dc89c1e862/zhang_le
nticrisprv2_and_lentigui
de_oligo_cloning_protoc
ol_1.pdf

647 EdU Click Proliferation Kit

BD Biosciences

Amaxa® Cell Line Nucleofector® Kit L
(MOLT-4)
Amaxa® Cell Line Nucleofector® Kit V
(Jurkat)
CyQUANT Cell Proliferation
Fast SYBR Green master mix
High capacity cDNA Reverse
Transcription Kit
NucleoSpin Plasmid (no lid), Mini kit for
plasmid DNA
Phusion® High-Fidelity PCR Kit
Pure YieldTM Plasmid Midiprep System
QIAquick Gel Extraction Kit
QIAquick PCR Purification Kit
Quick LigationTM Kit

Lonza

Cat# 565456; RRID:
AB_2869678
Cat# VCA-1005

Lonza

Cat# VCA-1003

Thermo Fisher
Applied Biosystems
Applied Biosystems

Cat# C7026
Cat# 4334973
Cat# 4368814

Macherey-Nagel

Cat# 740499

New England BioLabs
Promega
Qiagen
Qiagen
New England BioLabs

Cat# M0553
Cat# A2495
Cat# 28706X4
Cat# 28104
Cat# M2200

Venor®GeM Classic
VolcanoCell 2G RT-PCR 2x Master Mix

Minerva Biolabs
myPOLS Biotec

Cat# 11-1050
N/A

Zeiss
BD Biosciences

N/A
N/A

GE Healthcare
TECAN
Thermo Scientific
peQLab

N/A
N/A
N/A
N/A

Thermo Fisher

N/A

Other
Gene Pulser/MicroPulser
Electroporation Cuvettes, 0.2 cm gap
LentiCRISPRv2 target guide sequence
cloning protocol

Critical commercial assays

Devices
AXIO Observer.Z1 Microscope
BD LSRFortessa™ cell analyzer (incl.
high throughput sampler)
Image Quant LAS 4000
Infinite® 200 PRO series
Nanodrop 2000 spectrophotometer
peQStar 2X Gradient PCR
(thermocycler)
StepOnePlus real- time PCR System

820
821
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822 EXPERIMENTAL MODEL AND SUBJECT DETAILS
823 Patient-derived Xenografts
824 Patient‐derived xenografts (PDX) used in this study were generated as described
825 (Schmitz et al., 2011) by intrafemoral injection of 1* 105 to 5* 106 viable primary ALL cells
826 in NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ; Charles River, Wilmington, USA) mice. Primary
827 cells were obtained from patients recruited in ALL-BFM 2000. Written informed consent
828 had been obtained from all the patients and the experiments conformed to the principles
829 set out in the WMA Declaration of Helsinki and were carried out under approval 2014-383
830 issued by the cantonal ethics commission of the Kanton Zurich, Switzerland.
831 Transplanted mice included both male and female animals at the age of 5–8 weeks.
832 Animals were housed in individually ventilated cages with access to food and
833 water ad libitum. Leukemia progression was monitored in the peripheral blood by flow
834 cytometry using anti‐mCD45, anti‐hCD45 and anti‐hCD7 (BioLegend, San Diego, USA)
835 antibodies. PDX cells were harvested from the spleen when engraftment reached 75% in
836 the peripheral blood and subsequently cryopreserved in 90% FCS (Invitrogen, Waltham,
837 USA)/10% DMSO (Sigma-Aldrich, St. Louis, USA). In vivo experiments were approved by
838 the veterinary office of the Canton of Zurich (license number 131/19), in compliance with
839 ethical regulations for animal research.
840
841 Cell Lines
842 The human T cell acute lymphoblastic leukemia cell lines (T-ALL) Jurkat (male), MOLT-4
843 (male) and CEM-C1 (female) and human embryonic kidney HEK 293T cells (female) were
844 taken from a previous hosting lab and originally purchased from American Type Culture
845 Collection (ATCC). The parental human T-ALL cell line CEM-C7-14 (referred to as CEM846 C7; female) was described previously by (Bornhauser et al., 2007) and HEK 293H cells
847 (female) were kindly provided from Jörg Hartig (Konstanz; purchased from Thermo Fisher
848 Scientific, Waltham, USA). CEM-C1 cells over-expressing Bcl-2 as described by (Brumatti
849 et al., 2008) were kindly provided by Henning Walczak (Cologne, Germany). Cell lines
850 were tested for mycoplasma contamination using the Venor®GeM Classic kit according to
851 the manufacturers protocol (Minerva Biolabs, Berlin, Germany). Via 3rd generation
852 lentivirus-mediated introduction of shRNA or CRISPR/Cas9 constructs and following
853 selection with 1 µg/mL puromycin, stable control (shcontrol) and LRH-1 (shLRH-1)
854 knockdown as well as eGFP (control), GR and Bim knockout (KO) T-ALL cell lines were
855 generated from parental Jurkat, CEM-C1, CEM-C7 and MOLT-4 cells as described in the
856 following METHOD AND PROTOCOLS section. Parental as well as genetically modified
857 T-ALL cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 and HEK
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858 293T/H in Dulbecco's Modified Eagle's Medium (DMEM). All cell culture media were
859 supplemented with 5% fetal bovine serum (FCS), 2 mM L-glutamine and 50 μg/mL
860 gentamicin (all from Sigma-Aldrich). Cells were grown at 37°C and 5% CO2 in a humidified
861 atmosphere and passaged every 2–3 days. HEK 293T and HEK 293H cells were
862 passaged at 80-90% confluency and T-ALL cell line cultures were started at a density of
863 1*105 viable cells/mL for normal passaging and 3*105 viable cells/mL one day prior to
864 experiments or lentiviral transduction. hTERT-immortalized mesenchymal stroma cells
865 (MSC) were cultured in RPMI (Invitrogen) containing 10% FCS (Invitrogen).
866
867 METHODS AND PROTOCOLS
868 Plasmids
869 The GR luciferase reporter plasmids GRE2-tk-luc (abbreviated GRE) and LRH-1 luciferase
870 reporter (5xRE) have been described previously (Liden et al., 1997, Schoonjans et al.,
871 2002) The empty control vector pGL3 basic was purchased from Promega (Mannheim,
872 Germany). The Myc/6xHis-tagged GR, LRH-1 and bGal expression plasmids were
873 generated by cloning human GR, LRH-1 and bGal into a pcDNA3.1 Myc/His (+) A
874 expression vector (Invitrogen). dsRed-tagged GR and eGFP-tagged LRH-1 were
875 generated by cloning human GR and LRH-1 in the pDsRed2-N1 (Takara Bio; Mountain
876 View, USA) and pEGFP-C1 (Clontech, France; now Takara Bio), respectively.
877 Split YFP-tagged constructs for BiFC were obtained by cloning human GR and LRH-1
878 sequences into BiFC vectors, kindly provided by D. Legler (BITg, Kreuzlingen,
879 Switzerland). Split YFP plasmids (pcDNA3_YFP1-N-Term & pcDNA3_C-term-YFP2) have
880 been previously described (Nyfeler et al., 2005, Hauser et al., 2016) and are basically
881 pcDNA3.1 vectors (Invitrogen) containing the YFP fragment 1 (YFP1; amino acids 1-157)
882 or fragment 2 (YFP2; amino acids 158-239) fused to a flexible 10-amino acid (GGGGS)2
883 linker in their 5′ (pcDNA3_C-term-YFP2) or 3′ (pcDNA3_YFP1-N-Term) position.
884 According to the manufacturer’s protocols (New England BioLabs, Ipswich, USA),
885 pcDNA3_YFP1-N-Term was digested with NotI/XbaI and pcDNA3_C-term-YFP2 with
886 EcoRI/ClaI, before plasmids were dephosphorylated using FastAP Thermosensitive
887 Alkaline Phosphatase (Thermo Fisher Scientific), run on an agarose gel and subsequently
888 purified using the QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany). Similarly, full889 length human GR and LRH-1 were PCR-amplified using the Phusion® High-Fidelity PCR
890 Kit (New England Biolabs) and primer pairs depicted in Table EV2. PCR products were
891 purified using QIAquick PCR Purification Kit (Qiagen), enzymatically digested and gel
892 purified. Digested backbones and inserts were ligated at a 1:3 ratio using T4 DNA Ligase
893 plus buffer (New England BioLabs) and via heat shock transformed into XL-1 blue
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894 supercompetent E. Coli that were plated to ampicillin-containing LB agar plates. Single
895 colonies were picked, grown in LB medium and plasmids purified using NucleoSpin
896 Plasmid Mini kit for plasmid DNA (Machery-Nagel, Düren, Germany) were sent for
897 sequencing (Eurofins Genomics, Konstanz, Germany).
898 A 3rd generation lentiviral packaging and envelope system consisting of pMDLg/pRRE,
899 pRSV-Rev and pMD2.G was used for production of lentiviruses (kindly provided by Marco
900 Herold, Melbourne) (Addgene, Watertown, USA). For CRISPR/Cas9-mediated gene
901 deletion, single guide RNA (sgRNA) sequences (listed in Table EV4) were designed using
902 the MIT CRISPR design tool (www.crispr.mit.edu, discontinued). In short, sgRNA oligos
903 targeting eGFP (control), human GR and Bim were duplexed and phosphorylated using
904 T4 PNK (New England Biolabs), ligated into the BsmBI-digested lentiCRISPRv2 backbone
905 (Addgene) and transformed into Stbl3 E. Coli according to the Zhang lab protocol (Sanjana
906 et al., 2014). Commercially available plasmids for small hairpin RNA-mediated LRH-1 and
907 control knockdown, NR5A2 MISSION® shRNA Plasmid DNA (shLRH-1) and MISSION®
908 pLKO.1-puro Non-Mammalian shRNA Control Plasmid DNA (shcontrol), were purchased
909 from Sigma-Aldrich.
910 All plasmids were amplified in E. Coli DH5α, subsequently purified using the Promega Pure
911 YieldTM Plasmid Midiprep System, analyzed using a NanoDrop 2000 spectrophotometer
912 (Thermo Fisher Scientific) and stored at -20°C.
913
914 Transfection
915 For bimolecular fluorescence complementation and lentivirus production, HEK 293T and
916 HEK 293H cells were transiently transfected using PEI according to the jetPEI ® in vitro
917 DNA Transfection Protocol (Polyplus-transfection® SA, Illkirch, France). For luciferase
918 reporter assays, co-localization and co-precipitation experiments classic calcium
919 phosphate transfection (Kingston et al., 2003) was used. One day prior to transfection,
920 2.2*106 or 3*105 HEK 293T cells were seeded in 10 cm dishes (10 mL medium) or 6-well
921 plates (2 mL medium/well). After 24 h, cells were transfected with 2-20 µg or up to 2 µg
922 total plasmid, depending on the plate format. To minimize basal translocation of the GR
923 due to serum steroids or the pH indicator phenol red (Picard and Yamamoto, 1987) during
924 BiFC, luciferase reporter, co-localization and –precipitation assays, transiently transfected
925 HEK 293T/H cells were cultured in dedicated assay medium. This was prepared by
926 supplementing phenol red-free DMEM with 5% charcoal-stripped (steroid-free) FCS, 2 mM
927 L-glutamine and 50 μg/mL gentamicin.
928 For luciferase reporter assays, T-ALL cells were transiently transfected via electroporation.
929 Therefore, Jurkat and MOLT-4 cells were first gently washed with PBS (100 x g/10 min).
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930 Immediately afterwards, a total of 1.0*106 cells per transfection were combined with 3.6 μg
931 luciferase reporter plasmid and 0.4 µg of bGal plasmid in 100 µL NucleofectorTM Solution
932 V or L (Lonza, Basel, Switzerland), respectively, and transferred to a Gene
933 Pulser/MicroPulser Electroporation Cuvette (Bio-Rad, Hercules, USA). According to the
934 manufacturers optimized protocol, Jurkat and MOLT-4 cells were electroporated using
935 program X-005 and C-005 on an Amaxa NucleofectorTM 2b Device (Lonza). Electroporated
936 cells were transferred into full RPMI medium and directly distributed to 96-well cell culture
937 plates at a density of 1*106 cells/mL and 2*105 cells/well.
938
939 Generation of stable LRH-1 Knockdown, GR and Bim Knockout T-ALL Cell
940 Lines
941 For the production of lentiviruses, 2.2*106 HEK 293T cells were transfected with 5 µg
942 pMDLg/pRRE, 2.5 µg pRSV-Rev and 3 µg pMD2.G as well as 10 µg lentiCRISPRv2
943 gEGFP, lentiCRISPRv2 human Bim, lentiCRISPRv2 human GR, MISSION® pLKO.1-puro
944 Non-Mammalian shRNA Control Plasmid DNA or NR5A2 MISSION® shRNA Plasmid DNA.
945 After 24 h, lentiviral particles were harvested by filtration of the virus-containing medium
946 using a 0.45 µm filter. One mL was added to 2 mL T-ALL cells seeded at 3*105 cells/mL in
947 a 6-well plate. Fresh full DMEM was added to virus-producing HEK 293T cells and after
948 additional 24 h of virus production, viral supernatants were similarly harvested and another
949 1-2 mL added to the corresponding target cells. To enhance the transduction efficiency
950 polybrene (Sigma-Aldrich) was added at a final concentration of 4 µg/mL. Starting the next
951 day, successfully transduced T-ALL cells were selected by culture in full RPMI
952 supplemented with 1 µg/mL puromycin (Enzo Life Sciences, Lörrach, Germany). After one
953 week, the puromycin selection pressure was removed and stable control (shcontrol) and
954 LRH-1 (shLRH-1) knockdown as well as eGFP (control), GR (GR KO) and Bim (Bim KO)
955 knockout T-ALL cell lines were expanded for 3-4 days in standard RPMI, before being
956 subjected to further experiments. LRH-1 knockdown, GR and Bim knockout efficiencies
957 were verified by quantitative real-time PCR (qPCR) and/or immunoblot analysis as
958 described below.
959
960 Pharmacological Compounds and Treatment of Cell Lines
961 The LRH-1 antagonist compound 3d2 (ID: 16728690) and corresponding control
962 compound 2 (ID: 7826747) were synthesized according to the initial publication from
963 Benod et al. (Benod et al., 2013) by ChemBridge Corp (San Diego, USA). SR1848
964 (SML 1513) and dexamethasone (D4902) were purchased from Sigma-Aldrich, and
965 RU486 from Tocris Bioscience (BioTechne, Wiesbaden-Nordenstadt, Germany; 1479).
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966 zVAD-FMK was purchased from Selleck Chemicals Llc (Houston, USA; S7023). Stock
967 solutions of chemical compounds were kept as 20 mM Stock solution in DMSO and stored
968 at -20 or -80°C. Figure legends specify duration of treatments as well as concentrations of
969 compounds used for individual experiments.
970
971 In Vivo Treatment
972 Recipient animals (n=4 per PDX sample) were transplanted with 1x106 PDX ALL cells by
973 tail vein injection. 3 days after transplantation, animals were randomized and treated with
974 either vehicle (PBS, daily), 40 mg/kg 3d2 in PBS (2x a week), 10 mg/kg Dexamethasone
975 in PBS (daily) or the combination of 40 mg/kg 3d2 (2x per week) and 10 mg/kg
976 Dexamethasone (daily) for 3 weeks. Leukemia progression was followed by flow cytometry
977 of peripheral blood obtained upon tail vein bleeding using anti-hCD45, anti-hCD7 and anti978 mCD45 (all purchased from BioLegend). Engraftment was calculated by percentage
979 human vs. human plus mouse CD45 positive cells.
980
981 Ex Vivo Treatment of Co-cultured Patient-Derived Xenografts
982 Primary PDX cells were cultured on hTERT-immortalized primary bone marrow MSCs in
983 384-well plates as described previously (Frismantas et al., 2017) . MSCs at 2.5*103 per
984 well were plated in 30 µL AIM-V medium 24 h before adding 2*104 PDX ALL cells in
985 27.5 µL of medium. Compounds were reconstituted in DMSO (10 mM stock
986 concentrations) and stored at −80°C. Serially diluted drug concentrations (0-10 µM for 3d2,
987 100 nM fixed concentration for dexamethasone) were prepared using a digital dispenser
988 (D300e Digital Dispenser; Tecan). After 72 h incubation, cells were viably stained using a
989 CyQUANT Cell Proliferation kit (Thermo Fisher) and imaged on an ImageXpress Micro
990 (Molecular Devices, San Jose, US) equipped with a CoolLSNap HQ camera
991 (Photometrics, Tucson, US) and a 10x Plan Fluor objective with 0.3 NA (Nikon). Images
992 were processed using CellProfiler (Broad Institute, Cambridge, USA), and cells were
993 classified and counted using the Advanced Cell Classifier. Synergistic drug effects were
994 calculated using SynergyFinder tool (Ianevski et al., 2017, Yadav et al., 2015). Zero
995 interaction potency scores (Z-scores) equal or greater than zero indicate additivity or
996 synergism whereas Z-scores below zero demonstrate antagonism of 3d2 and
997 Dexamethasone.
998
999 BiFC Assay
1000 Interaction of the GR and LRH-1 visualized by BiFC was analyzed by conventional and
1001 confocal fluorescence microscopy or flow cytometric analysis of YFP positive (YFP+) cells.
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1002 Briefly, HEK 293H cells were co-transfected with YFP1- and YFP2-tagged GR and LRH-1
1003 expression vectors at a ratio of 1:1 (6-well format, 1 µg DNA in total). For fluorescence
1004 microscopy, transfected cells were pre-treated for 24 h with 20 µM 3d2 or 5 µM SR1848
1005 followed by treatment with 500 nM dexamethasone for 2 h. DMSO was used as solvent
1006 control. For nuclear counterstain, cells were incubated with Hoechst 33342 (1 µg/µL) for
1007 20 min at room temperature (RT) and directly afterwards analyzed using either the
1008 epifluorescence microscope Zeiss Axio Observer Z1 (Carl Zeiss Microscopy, Oberkochen,
1009 Germany; filter set 44: excitation filter BP 475/40, beam splitter FT 500; emission filter BP
1010 530/50) or the confocal microscope Zeiss LSM 880 equipped with an AiryScan detector
1011 (Carl Zeiss Microscopy; 514 nm argon laser for excitation, FITC filters/channel).
1012 Microscopy images taken with AxioVision or ZEN Software (Carl Zeiss Microscopy) were
1013 processed using ImageJ (National Institute of Health). For flow cytometric quantification of
1014 BiFC positive cells, cells were pre-treated with 20 µM 3d2 or 5 µM SR1848 for 6 h, before
1015 overnight incubation with 500 nM dexamethasone or DMSO as solvent control. Cells were
1016 detached and resuspended in PBS supplemented with 2% bovine serum albumin (BSA)
1017 and 2 mM EDTA. Flow cytometry was performed using the LSR Fortessa (BD Biosciences)
1018 and the FACS Diva Software (BD Biosciences). Data were analyzed using FlowJo
1019 software (FlowJo LLC).
1020
1021 Co-Localization of GR and LRH-1
1022 HEK 293T cells were co-transfected with 2 µg expression vectors encoding for eGFP1023 tagged hLRH-1 (pEGFP-hLRH-1a) as well as dsRed-tagged hGR (hGR-Red2), and
1024 5*104 cells were re-seeded on coverslips one day after (24 well plate). After 24 h, cells
1025 were treated with 500 nM dexamethasone for 90 min, before fixation using acetone and
1026 subsequently covered with DAPI-containing mounting medium (Sigma-Aldrich). Samples
1027 were analyzed using the Axio Observer with a 20x objective and the following filter sets:
1028 eGFP (LRH-1) – 44; dsRed (GR) – 15; DAPI (nuclei) – 49 and images were taken and
1029 merged using AxioVision Software. Microscopy images were processed using ImageJ.
1030
1031 Co-Precipitation of GR and LRH-1
1032 HEK 293T grown in 10 cm dishes (2.2*106 cells) were transiently transfected with 2 μg
1033 expression vectors coding for mh-GR, eGFP-LRH-1 and/or empty backbone vectors to
1034 adjust the total DNA content. After 24 h, cells were either treated with 500 nM
1035 dexamethasone or DMSO as solvent control for 90 min. Transiently transfected cells were
1036 harvested, washed with PBS and incubated for 10 min at RT in 400 µL cytoplasmic protein
1037 extraction buffer (10 mM HEPES, 10 mM KCl, 1 mM DTT, 1% NP-40, protease inhibitor,
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1038 in H2O; pH 7). After 4 min full speed centrifugation, supernatants containing cytoplasmic
1039 extracts were harvested and the remaining cellular nuclei were lysed with 400 µL of
1040 nucleoplasmic protein extraction buffer (20 mM HEPES, 500 mM NaCl, 1 mM DTT, 10%
1041 glycerol, protease inhibitor, in H2O) for 30 min at 4°C on a shaker (1.400 rpm). Nuclear
1042 lysates were cleared by centrifugation (13.000 rpm, 10 min, 4°C), before 100 µL of cyto1043 and nucleoplasmic supernatants were incubated with PBS-washed Ni2+ sepharose beads
1044 (GE Healthcare, Chicago, USA) for 30 min on a rotating wheel at RT for binding of the His1045 tagged GR. After 10 washing steps (1% Tween, 1 mM imidazole in PBS), 60 µL of 500 mM
1046 imidazole in PBS was added for 15 min at RT resulting in the release of His-tagged GR
1047 and its interaction partners from the beads into the supernatant. Twenty-four µL of these
1048 His-tag pulldown samples and 16 µL of nucleoplasmic and cytoplasmic supernatants
1049 (input samples) were subjected to SDS-PAGE and immunoblot analysis as described
1050 below.
1051
1052 Luciferase Reporter Assay
1053 HEK 293T (6-well plate format), MOLT-4 and Jurkat cells were transiently transfected with
1054 reporter plasmids encoding for a luciferase gene expressed under the control of the GC
1055 response element (GRE) or five copies of the LRH-1 response element (5xRE), as well as
1056 Myc/6xHis-tagged human GR and/or LRH-1, as indicated. Plasmids were normally used
1057 in 1:1 ratios, if not stated otherwise in the figure legend. Corresponding amounts of empty
1058 vectors (pGL3, pcDNA3.1) were transfected as negative controls and co-transfection with
1059 the bGal expression vector served as an internal transfection control (1/10 of total protein
1060 amount). One day after transfection, HEK 293T cells were re-seeded to 96-well flat-bottom
1061 plates (1.6*104 cells/well) and after 6 h either pre-treated with the GR antagonist RU486
1062 or directly treated with dexamethasone, 3d2 and/or SR1848. Similarly, T-ALL reporter cells
1063 were treated with 10 µM dexamethasone and/or 40 µM 3d2 24 h after transfection. After
1064 overnight incubation, reporter cells were harvested by centrifugation and aspiration of the
1065 medium, and incubated with 100 µL lysis buffer (100 mM K2HPO4, 0.2% TritonX-100 in
1066 H2O, pH 7.8) for 30-45 min on ice. Using a luminescent detecting plate reader
1067 (Infinite 200 PRO, Tecan), luciferase activity was assessed by addition of 50 µL adenosine
1068 5′-triphosphate (ATP) solution (10 mM ATP, 20 mM MgCl2, 35 mM Glycyl-glycine in H2O)
1069 as well as 50 µL luciferin solution (270 μM Coenzyme-A, 470 μM luciferin, 20 mM MgCl2,
1070 35 mM Glycyl-glycine in H2O) and bGal activity by adding the 105 µL of the substrate o1071 nitrophenyl-β-D-galactopyranoside (ONPG; 0.2 mg/mL ONPG, 60 mM Na2HPO4*2H2O,
1072 40 mM NaH2PO4*H2O, 10 mM KCl, 1 mM MgSO4*7H2O, 50 mM 2-mercaptoethanol in
1073 H2O) to 30 µL lysate/sample. Luminescence was calculated as relative light units (R.L.U.)
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1074 by normalizing light units obtained from luciferase assays by the OD405nm values obtained
1075 from the bGal assay.
1076
1077 Cell Count-based Proliferation Assay
1078 Wild type, stable LRH-1 and control knockdown T-ALL cells were seeded at a density of
1079 5*104 cells/mL. Wild type T-ALL cells were directly treated with 3 µM dexamethasone,
1080 20 µm 3d2, 1 µM SR1848 (CEM-C1, MOLT-4) or 4 µM SR1848 (Jurkat). Corresponding
1081 amounts of DMSO was added as solvent control. Every 24 h, the concentration of cells
1082 was monitored using a Neubauer hemocytometer.
1083
1084 Flow Cytometric Analysis of Apoptosis and Cell Cycle
1085 One day prior to experiments, an appropriate number of T-ALL cells was washed once
1086 with PBS and cells were seeded at a density of 3*105 viable cells/mL. After seeding 2.51087 5*104 cells per well of 96-well plates, T-ALL cells were exposed to the indicated amounts
1088 of 3d2, Cpd2, SR1848 and/or dexamethasone for 24, 48 or 72 h (VFinal = 200 µL), and
1089 subsequently harvested by centrifugation. For detection of apoptotic cell death, cells were
1090 resuspended in 200 µL AnnexinV binding buffer (10 mM HEPES, 150 mM NaCl, 5 mM
1091 KCl, 1 mM MgCl2, 1.8 mM CaCl2) containing fluorescein isothiocyanate (FITC)-labeled
1092 AnnexinV and stained for 10 min at 4°C. For simple cell cycle analysis as previously
1093 described by Nicoletti et al. (Nicoletti et al., 1991), cells were permeabilized and stained
1094 (20 min, 4°C) with 100-200 µL hypotonic propidium iodide (PI) solution (10 μg/mL PI, 0.1%
1095 TritonX-100 in 0.5x PBS). To simultaneously analyze bidimensional cell cycle distribution
1096 (EdU-Alexa647 and DAPI) and apoptosis (AnnexinV+), cells were stained using the 647
1097 EdU Click Proliferation Kit (BD Bioscience, San Jose, USA) according to the
1098 manufacturers protocol. Flow cytometry was performed using the LSR Fortessa and the
1099 FACS Diva Software and 10.000 single cells were recorded for both apoptosis and cell
1100 cycle analysis. Flow cytometric data were analyzed using FlowJo software.
1101
1102 RNA Extraction and quantitative Real-Time PCR (qPCR)
1103 For standard qPCR, approximately 2*106 T-ALL cells were lysed using either 1 mL
1104 peqGOLD TriFast TriFastTM (VWR, Darmstadt, Germany) or RNA-Solv® (Omega Bio-Tek,
1105 Norcross, USA), and RNA was isolated according to the manufacturers’ protocols. After
1106 DNase I digest (New England Biolabs), a High-Capacity cDNA Reverse Transcription Kit
1107 (Applied Biosystems, Foster City, USA) was used to reverse transcribe 1-2 µg RNA into
1108 complementary DNA (cDNA). For probe-based qPCR samples were prepared using
1109 Volcano Cell 2G lysis buffer according to the manufacturers protocol (myPOLS Biotec,
This is a provisional file, not the final typeset article.

40

118

1110 Konstanz, Germany). For quantification of gene expression classic and probe-based
1111 qPCR was performed using either Fast SYBR® Green Master Mix (Applied Biosystems)
1112 or Volcano Cell 2G RT-PCR 2x Master Mix (myPOLS Biotec), in a StepOnePlus Real-time
1113 PCR system (Applied Biosystems). Transcript levels were normalized to beta-Actin (β1114 Actin) and depicted as 2−ΔCt (ΔCt = Ct target gene − Ct β-Actin gene) or presented as fold
1115 change to corresponding controls. All qPCR primer and probe sequences used in this
1116 study are listed in Table EV3.
1117
1118 Immunoblot Analysis
1119 For immunoblot analysis, roughly 1-2*106 T-ALL cells were seeded per well of 6-well plates
1120 at a density of 2-3*105 cells/mL. After treatment as indicated in the corresponding figure
1121 legends, T-ALL cells were harvested by centrifugation and washed once with ice-cold PBS
1122 before being lysed using RIPA buffer (radioimmunoprecipitation assay buffer; 50 mM Tris,
1123 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP40 in H2O, pH 7.8). Equal
1124 amounts of protein (15–25 μg) were loaded on 12% SDS-PAGE, electrophoretically
1125 separated by size and subsequently transferred onto polyvinylidene difluoride membranes
1126 (Roche Diagnostics, Mannheim, Germany). After overnight incubation at 4°C with primary
1127 antibodies, membranes were incubated for 1 h with corresponding horse radish-coupled
1128 secondary antibodies and ECL developing reagent (2.5 mM Luminol, 0.4 mM p-Coumaric
1129 acid, 10 mM Tris, 0.015% H2O2 in H2O, pH 8.5) was added for imaging using an Image
1130 Quant LAS 4000 (GE Healthcare) for detection of chemiluminescent signal. PARP, GR,
1131 Myc, Cyclin E1, phospho-AMPK, phospho-p38, cleaved caspase 3, Bim and Bcl-2
1132 antibodies were purchased from Cell Signaling Technology (Danvers, USA). Antibody for
1133 detection of GFP was ordered from Roche and for full-length Caspase 3 from Calbiochem
1134 (Darmstadt, Germany). The antibody for Tubulin, which was used as loading control, was
1135 obtained from Sigma-Aldrich.
1136
1137 QUANTIFICATION AND STATISTICAL ANALYSIS
1138 For all figures, data are presented as mean ± SD of technical or experimental replicates
1139 as indicated in the figure legends. “n” represents the number of independent experiments
1140 performed. Significant differences were calculated using either paired or unpaired t-test,
1141 One-way or Two-way ANOVA using Prism 6 (Graphpad Software). Differences were
1142 considered as significant for p values of *p < 0.05; ** p < 0.01; ***p < 0.001. Statistical
1143 details for individual experiments are specified in the corresponding figure legends.
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1144 LEAD CONTACT AND MATERIALS AVAILABILITY
1145 Further information, and requests for resources and reagents should be directed to and
1146 will be fulfilled by the Lead Contact, Thomas Brunner (thomas.brunner@uni-konstanz.de).
1147 Plasmids and cell lines generated in this study are available from the Lead Contact upon
1148 request.
1149
1150 DATA AND CODE AVAILABILITY
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1169

The Paper Explained

1170 PROBLEM
1171 Glucocorticoids (GCs) are among the most essential and effective drugs in the treatment
1172 of T cell acute lymphoblastic leukemia (T-ALL), inhibiting proliferation and inducing
1173 apoptotic cell death in leukemic T cells. Over time, however, many patients develop GC
1174 resistance, which limits therapeutic success and which is associated with unfavorable
1175 disease prognosis. Despite extensive research the molecular basis of GC resistance
1176 remains only poorly understood, and it is therefore of clinical importance to further
1177 elucidate its underlying causes to develop more effective therapeutic strategies.
1178
1179 RESULTS
1180 We here report a novel physical interaction of the glucocorticoid receptor (GR) with the
1181 orphan nuclear receptor liver receptor homolog-1 (LRH-1) that mediates the mutual
1182 inhibition of both transcription factors, and thereby regulates the GC responsiveness of T1183 ALL cells. Accordingly, a small molecule LRH-1 inhibitor that reduces the interaction of GR
1184 and LRH-1, or LRH-1 knockdown sensitizes T-ALL cells towards GC-induced cell death
1185 by improving upregulation of the pro-apoptotic BCL-2 homolog Bim. Importantly, combined
1186 treatment of primary patient-derived T-ALL cells with GCs and LRH-1 inhibitor also results
1187 in synergistic cell death induction in vitro and in an in vivo xenograft model. Moreover,
1188 LRH-1 was identified as a critical regulator of T-ALL cell proliferation and survival as its
1189 inhibition or downregulation promotes growth defect and cell death.
1190
1191 IMPACT
1192 This study identified a critical role of LRH-1 in leukemic T cell proliferation and survival.
1193 Furthermore, physical interaction between the GR and LRH-1 critically regulates GC
1194 sensitivity. This finding opens new perspectives in developing innovative strategies to
1195 target LRH-1 and overcome GC resistance in T-ALL.
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Expanded view Figure 1 Co-Precipitation of GR and LRH-1 and validation of BiFC system. (A) HEK 293T
cells transiently transfected with expression vectors coding for myc/His tagged human GR (mh-hGR) and/or eGFPtagged human LRH-1 (eGFP-hLRH 1) were treated for 90 min with dexamethasone (Dexa). Cytoplasmic (CP) and
nucleoplasmic (NP) lysates were prepared and subjected to his-tag pulldown with Ni2+ beads. Input samples and
eluates were analyzed by SDS-Page and subsequent Western blotting using anti-GFP and anti-Myc antibodies.
Lanes confirming co-precipitation of eGFP-hLRH-1 with mh-hGR are highlighted in blue. (B) Absence of eYFP
fluorescence in HEK 293H cells transiently transfected with YFP1-LRH-1 or GR-YFP2 after 2 h Dexa treatment and
(C) BiFC of YFP1-GR and GR-YFP2 in presence and absence (dimethyl sulfoxide (DMSO)) of Dexa. Cells were
analyzed by fluorescence microscopy using a 10x objective (B, Scale Bar: 100 µM) and 40x objective (C; Scale
bar: 20 µm), respectively. Boxed areas in (C) are 3x magnified and shown at the right. (D) Flow cytometry-based
quantification of YFP+ HEK 293H cells as a percentage (%) of viable cells after transient transfection with YFP1LRH-1, YFP1-GR or/and GR-YFP2 in presence and absence of 500 nM Dexa (2 h). Data are represented as mean
± SD of nine independent experiments. (E) Corresponding to Figure 1D: Representative fluorescence microscopy
images of HEK 293H cells transiently transfected with YFP1-LRH-1 and GR-YFP2 after 6 h pre-treatment with
20 µM 3d2 or 5 µM SR1848 and following 2 h stimulation with 500 nM Dexa. eYFP fluorescence indicates BiFC
and Hoechst33342 was used for nuclear counterstain. Pictures were merged with the corresponding brightfield (BF)
image. Cells were analyzed by fluorescence microscopy using a 40x objective (Scale bar: 20 μm). Boxed areas are
3x magnified and shown below.
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Expanded view Figure 2 (related to Figure 4) SR1848 impairs viability of leukemic T cells; verification and
characterization of LRH-1 knockdown T-ALL cell lines.(A) Daily cell counting-based comparison of cellular
proliferation of T-ALL cells after application of 4 µM SR1848 in Jurkat and 1 µM SR1848 in CEM-C1 and MOLT-4
or corresponding amounts of dimethyl sulfoxide (DMSO, solvent control). Mean values of technical triplicates of one
representative experiment (n=3) ± SD are shown. Two-way ANOVA; * p < 0.05, ** p < 0.01, *** p < 0.001. (B)
Verification of LRH-1 knockdown in T-ALL cell lines stably expressing a small hairpin RNA (shRNA) construct
targeting LRH-1 (shLRH-1) by quantification of LRH-1 mRNA levels with probe-based real-time quantitative PCR.
Fold induction relative to the control transduced with a non-targeting shRNA construct (shcontrol) was calculated
after normalization to beta-actin. Mean values of n=4 independent experiments ± SD are shown. (C) Immunoblots
of c-Myc, Cyclin E1, and Tubulin from untreated CEM-C1 and MOLT-4 cells expressing shLRH-1 (+) or shcontrol (). (D/E) Flow cytometric analysis of cell death by AnnexinV staining in T-ALL cell lines upon treatment with indicated
Cpd2 (D) and SR1848 (E) concentrations for 24 h and 48 h. Mean values of n=3 independent experiments ± SD
are shown. (F) Immunoblots of Bcl-2 and Tubulin from untreated CEM-C1 wild-type (WT) or Bcl-2-overexpressing
(Bcl-2) cells.
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Expanded view Figure 3 (related to Figure 5) Specificity of 3d2-mediated sensitization towards GC-induced
apoptosis.
Flow cytometric analysis of cell death by AnnexinV staining in T-ALL cell lines after 24 h or 48 h treatment with
dexamethasone and 3d2 (A), Cpd2 (B/C) or (D) small-hairpin RNA-mediated LRH-1 (shLRH-1) respectively control
(shcontrol) knockdown. Mean values of (A) n=4 and (B-D) n=3 independent experiments ± SD are shown. Twoway ANOVA, * p < 0.05, ** p < 0.01.
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Expanded view Figure 4 (related to Figure 6) Verification and characterization of Bim/GR knockout and
LRH-1 knockdown T-ALL cell lines.
(A/B) Immunoblots of Bim and Tubulin from control (Ø) and Bim knockout (Bim KO) CEM-C7 (A) and MOLT-4 (B)
cells. (C/D) Flow cytometric analysis of cell death by AnnexinV staining in control and Bim KO CEM-C7 (C) and
MOLT-4 (D) treated with 3d2 and 30 µM Dexa, for 24 h and/or 48 h. Mean values of (C) technical triplicates of one
representative out of four independent experiments and (D) n=3 independent experiments ± SD are shown. (E)
Immunoblots of the glucocorticoid receptor (GR), Bim and Tubulin from control (Ø) and GR knockout (GR KO)
MOLT-4 cells. (F) Quantification of mRNA expression levels of human GR and Bim in control and GR KO MOLT-4
by real-time quantitative PCR. Fold induction relative to the control was calculated after normalization to beta-actin.
(G) Flow cytometric analysis of cell death by AnnexinV staining in control and GR KO MOLT-4 treated with 3d2 and
30 µM Dexa, for 48 h. Mean values of n=3 independent experiments ± SD are shown. (H) Immunoblots of PARP,
GR and phospho-AMPK (P-AMPK), c-Myc, full-length and cleaved (Cl.) Caspase 3, Bim and Tubulin from CEM-C1
cells treated for 24 h with 10 µM Dexa. For all displayed experiments dimethyl sulfoxide (represented by 0 or Ø)
was used as a solvent control. Two-way ANOVA, ** p < 0.01, *** p < 0.001.
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1257

Expanded view Tables and Legends

1258
1259 Expanded view Table 1 (related to Figure 7) Synergistic cell death induction by 3d2
1260 and dexamethasone in patient-derived human T-ALL.

1261
1262
1263
1264
1265

Sample

#1

#2

#3

#4

#5

#6

#7

#8

Z-Score

1.8

4.9

1.5

-9.5

3.5

5.6

10.7

-5.4

Synergy scores (Z-scores) between 3d2 and dexamethasone of human T-ALL patient-derived xenografts (PDX)
were calculated from the viability curves of PDX samples treated with 3d2 or 3d2 in combination with 100 nM
dexamethasone (as described in Figure 7A) using SynergyFinder tool. Z-scores ≥ 0 indicate additivity or synergism
and < 0 antagonism.

1266 Expanded view Table 2 (related to RTT) Primer sequences for cloning of split-YFP1267 tagged human GR and LRH-1 for BiFC
Product
Sequence (5' → 3')
Primer for N-terminal tagging of GR/LRH-1 with YFP-1
GR (XhoI/Xbal)
forward
ATTATCTCGAGGGTGGCGGTGGCTCTGG
reverse
TATTTATCTAGATTACTGCTTGTCGGCCATGA
LRH-1
forward
GTCAGCGAATTCATGTCTTCTAATTCAGATACTGGG
(EcoRI/ClaI)
reverse
TAGTAATCGATTGCTCTTTTGGCATGCAAC
Primer for C-terminal tagging of GR with YFP-2
GR (NotI/Xbal)
forward
TGACCGCGGCCGCTATGAATACAGCATCCCTTTC
reverse
ATTCTTCTAGATCACTTTTGATGAAACAGAA

1268
1269 Expanded view Table 3 (related to RTT) Primers sequences for quantitative real-time
1270 PCR (qPCR)
1271
Product
Sequence (5' → 3')
Primer for standard qPCR
forward
ATGGAGAAGGCTGGGGCTCA
human β-Actin
reverse
TCTCCATGGTGGTGAAGACA
forward
GAAGGAAACTCCAGCCAGAA
human GR
reverse
CAGCTAACATCTCGGGGAAT
forward
CAGCGACTCTGAGGAGGAAC
human cMyc
reverse
GCTGGTGCATTTTCGGTTGT
forward
TAAGTTCTGAGTGTGACCGAGA
human Bim
reverse
GCTCTGTCTGTAGGGAGGTAGG
forward
GAACTGTGTCAAGTGGATGGT
human Cyclin E1
reverse
CCGCTGCTCTGCTTCTTAC
Primer and probes for probe-based qPCR
forward
GGATCAGCAAGCAGGAGTATG
human β-Actin
reverse
AGAAAGGGTGTAACGCAACTAA
probe
TCGTCCACCGCAAATGCTTCTAGG
forward
TATCCTCTGCCTCCCATTCT
human GRα
reverse
CACCTTCCTGTCTCCTGTTTAC
probe
TCACTGTTGGAATGAGAAGGGTGGTC
forward
CGATCAGAGCTCATACCCAAAG
human LRH-1
reverse
CACACCATTCCTCTCCATGTATC
probe
AGAGAACAGCAGCATCATTGCCCT

1272
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1273 Expanded view Table 4 (related to RTT) single guide RNA (sgRNA) sequences for
1274 CRISPR/Cas9-mediated gene deletion
Product
sgRNA sequence targeting
GFP (Wu et al., 2016)
sgRNA sequence targeting
human Bim
sgRNA sequence targeting
human GR

forward
reverse
forward
reverse
forward
reverse

Sequence (5' → 3')
CACCGGGGCGAGGAGCTGTTCACCG
AAACCGGTGAACAGCTCCTCGCCCC
CACCGAATCCTGAAGGCAATCACGG
AAACCCGTGATTGCCTTCAGGATTC
CACCGGGGGGCAGCAGACACAGCAG
AAACCTGCTGTGTCTGCTGCCCCCC

1275
1276
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4 CONCLUDING DISCUSSION & FUTURE PROSPECTS
4.1

Relevance of LRH-1 in T cells

Currently, it is widely accepted that LRH-1 is highly expressed and a master regulator in
epithelial tissues of endodermal origin where its diverse biological functions have been
extensively investigated (as reviewed in Chapter II; Michalek and Brunner, 2020). In contrast,
still little is known about the functional relevance of LRH-1 in other tissues and organs including
the hematopoietic system. A first, however, indirect role of LRH-1 in the immune system could
be established with the discovery that LRH-1 controls the expression of intestinal steroidogenic
enzymes and thus extra-adrenal production of immunoregulatory GCs (Mueller et al., 2006).
Emphasizing its important anti-inflammatory functions, LRH-1 further negatively regulates the
hepatic acute phase response (APR) (Venteclef et al., 2006, Venteclef et al., 2010), a systemic
non-specific innate reaction to tissue injury, acute infections and inflammation (Baumann and
Gauldie, 1994).
Only in the last decade, there has been growing evidence for a direct role of LRH-1 in the
hematopoietic system (Benod et al., 2011, Lefevre et al., 2015). Demonstrating expression,
function as well as pharmacological targetability in mature T cells and macrophages, especially
recent work by Schwaderer et al. contributed to the current scientific knowledge about LRH-1
in immune cells (Schwaderer et al., 2017, Schwaderer et al., 2020). Apart from its implication
in FasL expression and associated cytotoxic effector functions (Schwaderer et al., 2017), the
role of LRH-1 in T cells as well as possible targetability in T cell-mediated immunopathologies
remained, however, underexplored and was thus characterized in the research articles
presented in this thesis.

4.1.1

LRH-1 as a critical regulator of T cell proliferation and effector functions

Expression and mitogen-induced upregulation
Comprehensive gene profiling verified LRH-1 expression in primary and secondary lymphoid
organs, distinct murine T cell subsets as well as peripheral blood mononuclear cells (PBMC)
from healthy human donors. Compared to endoderm-derived organs, such as the liver or
intestine that exhibit approx. 100-1000 times higher LRH-1 levels, LRH-1 expression in
lymphoid organs and cells was, however, extremely low. This is in concordance with
comparative NR mRNA profiling (Bookout et al., 2006) and data collected by the open
resource platform ‘human protein atlas’ (Uhlén et al., 2015) that suggest minimal
LRH-1 mRNA respectively protein expression in lymphoid tissues.
Transcription of the LRH-1 gene is regulated in a dynamic manner and is strongly induced early
upon activation of murine as well as human T cells. In line with its established role in the
transcriptional control of cyclins (Botrugno et al., 2004) as well as c-Myc (Heng et al., 2010) in
intestinal crypt and cancer cells, upregulation of LRH-1 expression correlates with the induction
of these cell cycle regulators in T lymphocytes. Vice versa, LRH-1 deficient T cells isolated
from conditional LRH-1 knockout mice (cKO) that were generated using CD4 promoter-driven
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Cre recombinase expression [Nr5a2L2/L2 CD4-Cre], showed a reduction of cyclin E1 and c-Myc
expression when compared to the corresponding controls (L2L2, [Nr5a2L2/L2]). Since these
factors mediate or contribute to entry from the G1/G0 phase into the cell cycle (Hume et al.,
2020), LRH-1 seems to be especially important for the initiation of activation-induced T cell
proliferation.

LRH-1 in T cell proliferation and proliferation-associated effector functions
As described in the first paper of this thesis, despite or perhaps even because of its comparably
low expression levels, LRH-1 in fact has crucial functions in T cells. This is especially supported
by the notion that a T cell-specific LRH-1 knockout resulted in significantly reduced size, weight
and cellularity of secondary lymphoid organs. These remarkably strong phenotypic changes
are contrasted by the observation that liver or intestine-specific LRH-1 knockout mice do not
exhibit significant developmental defects, altered organ morphology and if any, only mild
metabolic defects (Mataki et al., 2007, Lee et al., 2008). Paradoxically, LRH-1 deficiency is thus
surprisingly well tolerated in organs that typically exhibit high LRH-1 expression while the
extremely low LRH-1 levels seem to be essential for the unimpaired development of T cells.
Accounting for the observed size reduction of the spleen and lymph nodes, CD4 promoterdriven conditional LRH-1 deletion resulted in a dramatic loss of CD4+ and CD8+ single positive
T cells. Thymic development as well as the subsequent population of secondary lymphoid
organs, following release from the thymus requires homeostatic expansion of immature resp.
mature T lymphocytes (Swain, 1983). This suggests that the drastically reduced number of
mature, LRH-1 deficient T cells can most probably be attributed to an impaired proliferation
potential. In line with this, also its pharmacological inhibition rendered T cells incapable to
undergo cell division. Taken together, these findings strongly emphasize a critical role of LRH1 in regulation of T cell proliferation most likely by controlling the expression of cell cycle
initiating cyclins and c-Myc.
Interestingly, LRH-1 controls the transcription of glucose- and glutamine-metabolizing enzymes
not only in the liver (see Chapter II) but likewise also in macrophages (Schwaderer et al., 2020).
On the supposition that LRH-1 might have similar functions in T cells, impairment in cellular
metabolism might additionally contribute to the reduced growth rates of LRH-1-deficient T
cells. In first supplementation experiments using for example α-ketoglutarate, an attenuation of
the proliferation defects was observable in LRH-1 deficient T cells (Seitz, 2018). Hinting
towards an additional, relevant role of LRH-1 in T cell metabolism, LRH-1 likely regulates
several distinct signaling pathway that cooperatively determine the proliferation status of T
cells.

Issues integrating simultaneous inhibition of cell cycle progression with opposing proproliferative signaling might consequently also account for the pronounced apoptosis induction
in response to mitogenic stimuli observed in LRH-1 deficient thymocytes. Coincidentally
enhanced basal cell death rates in LRH-1 deficient T cells suggest an additional, more direct
role of LRH-1 in the regulation of apoptotic signaling. This is in line with the observation that
acute LRH-1 deletion triggers spontaneous apoptotic cell death in the intestinal epithelium
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(Bayrer et al., 2018). Similarly, 3d2-mediated inhibition of LRH-1 is sufficient to elicit cell death
of leukemic T cells which involves changes in apoptotic regulators including Bcl-2 family
members – a subject that will be discussed in more detail in Chapter 4.1.2.
Considering all in vitro and in vivo studies presented in Chapter I, LRH-1 deficiency in general
affects T cells especially upon TCR-mediated activation and mitogenic stimuli. Concluding from
the sustained induction of activation markers and secretion of cytokines in both T cell subsets,
LRH-1 deficiency did, however, not impair T cell activation. This further substantiates the
hypothesis that primarily proliferation defects account for the profound overall loss of mature
T cells upon CD4 promoter-driven LRH-1 deletion. Unexpectedly, LRH-1 deficiency affected
the distinct mature T cell subsets to varying extends: While CD4+ T cells were deleted by almost
80% in cKO animals and failed to undergo homeostatic expansion during adoptive transfer
studies when compared to controls, CD8+ T cells were only reduced by half and showed no in
vivo proliferation defects. Also in vitro, the proliferation potential of LRH-1 deficient CD4+ cells
was more severely affected than in CD8+ T lymphocytes – even though a similar, almost
complete LRH-1 deletion was confirmed in both T cell subsets. In conclusion, LRH-1 thus
seems to be critical for the proliferative expansion of CD4+ T helper cells, while CD8+ T cells
are less dependent on LRH-1 expression. In seemingly contradiction with this hypothesis, the
proliferation capacity of both CD4+ as well as CD8+ wild-type splenocytes was severely
impaired by pharmacological targeting of LRH-1. As discussed in Chapter I, differences in LRH1 dependency of mature T cell subsets might be explained by the development respectively
absence of mechanisms that compensate LRH-1 loss. Such could involve co-stimulatory
signals provided by other immune cell types as for example macrophages which are also
targetable by LRH-1 antagonists (Schwaderer et al., 2020). A consequent loss of co-stimulatory
signals would thus explain the impaired proliferation capacity of CD8+ T cells observed when
pharmacological LRH-1 inhibitors were added to mixed splenic cultures. In line with this, only
highly purified LRH-1 deficient CD8+ T cells show proliferative defects upon in vitro stimulation
but not in the presence of accessory cells or in vivo. Interestingly, proliferation defects in LRH1 deficient CD8+ cells could also be uncovered by withdrawal of fetal bovine serum (Seitz,
2018) that apart from mitogenic growth factors and hormones also contains lipids and amino
acids (van der Valk et al., 2018). Specific supplementation experiments to analyze whether and
which of the latter might be sufficient to counterbalance LRH-1 deficiency, might confirm and
clarify the proposed role of LRH-1 in T cell metabolism.
The reduced proliferation potential of LRH-1 deficient CD4+ lymphocytes correlated well with
the impairment of effector functions that typically involve and require their expansion such as
providing B cell help and induction or protection from experimentally induced colitis.
Intriguingly, also cytotoxic CD8+ T cell functions were clearly impaired by LRH-1 knockout, as
demonstrated by their inability to eliminate LCMV in vivo. In contrast to perturbed CD4+
functions, this can, however, not be explained by proliferation defects. Just as LRH-1 deficiency
did not compromise CD8+ cell division in general, neither activation, expansion nor cytokine
secretion of LCMV-specific CD8+ T cells was affected in vitro as well as in vivo. Moreover, the
production of cytotoxic effector molecules that are critical for the efficient elimination of LCMV,
namely perforin and granzyme B (Kägi et al., 1994), as well as RNA fragmentation of target
cells remained unaffected upon LRH-1 knockout. Nevertheless, cKO mice completely failed to
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control LCMV expansion and displayed consistently high virus titers, while barely any residual
virus could be detected within days after infection of L2L2 control animals. A premature
exhaustion of LCMV-specific cytotoxic T cells might serve as one explanation why CD4
promotor-driven LRH-1 deletion obstructs virus clearance. Alternatively, the concomitant lack
of functional CD4+ T helper cell responses that are crucial for the organized recruitment and
clonal growth of cytotoxic T cells during LCMV elimination (Swain et al., 2012), might indirectly
account for the defective CD8+ T cell functions. Simultaneous transfer of control CD4+
lymphocytes could be used to proof this hypothesis by testing whether reliable orchestration
of the CD8+-mediated responses restores effective virus clearance in LCMV-infected cKO
mice.
Taken together, the first publication of this thesis uncovers an underestimated role of LRH-1 in
mature T cells, critically regulating their proliferation and associated effector functions. Itself
being induced upon T cell activation, LRH-1 controls the dynamic expression of cell cycleinitiating factors and is most probably also involved in survival and metabolic pathways that
additionally enhance the proliferation potential and contribute to the overall viability of mature
T cells.

LRH-1 in murine T cell development
To ensure maximal diversity of the TCR repertoire, immature T lymphocytes undergo two
rounds of cell division before gene rearrangement of the TCR α- respectively β-chain and
transition from the DN to CD4+CD8+ state occur (Fehling and von Boehmer, 1997, Kawamoto
et al., 2003, Miyazaki et al., 2008). Based on its critical role in T cell proliferation, LRH-1 thus
likely also plays an important role during thymic T cell development. To circumvent the lethality
of systemic LRH-1 deletion and to characterize the role of LRH-1 in T cells, a conditional
knockout mouse model based on the Cre/lox strategy was used in the first study of this thesis.
Under control of the CD4 promoter, Cre recombinase expression and thus deletion of the
Nr5a2 gene is first induced during the relatively late CD4+CD8+ DP stage of thymic T cell
maturation in these mice. This explains the comparably minor impact of LRH-1 deletion on
immature T lymphocytes as described in the first publication of this thesis. The slight but
significant reduction in CD4+CD8+ and CD4+ thymocytes observed in cKO mice nevertheless
hints towards a role of LRH-1 in T cell development. To test this hypothesis a mouse strain with
an LCK-driven LRH-1 knockout was generated that accordingly should harbor a T cell-specific
LRH-1 deletion as of the DN3 stage (Molina et al., 1992). A first, small-scale characterization of
these mice revealed that efficient LRH-1 elimination leads to a strikingly reduced size and
cellularity of the thymus as well as near complete loss of T lymphocytes (Seitz, 2018). Even
though this clearly indicates a critical function of LRH-1 already early during thymic T cell
maturation, many questions remain unanswered that are worth to be explored in the future.
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Alternative approaches to elucidate LRH-1 functions in mature T cells
To circumvent accumulation of defects and compensatory mechanisms arising from long-term
LRH-1 deletion, effects resulting from acute LRH-1 deletion should be analyzed. For this
reason, the Nr5a2L2/L2 control strain has been crossed with a mouse line expressing a 4hydroxytamoxifen (4-HT)-inducible estrogen hormone-binding domain (Cre-ERT) from the
ubiquitously expressed ROSA26 locus (Vooijs et al., 2001). Facilitating the inducible deletion
of LRH-1 in T cells, this mouse model provides a powerful tool to study how LRH-1 regulates
their proliferation, viability and cellular metabolism in vivo or in vitro. It can, moreover, be used
to unravel the molecular mechanisms controlling expression and activity of LRH-1 itself.
Effector functions of LRH-1 can alternatively be studied by indirectly modulating its activity
through interference with its known co-regulators. Being a transcriptional target and best
described LRH-1 co-regulator, for instance knockout of SHP should in theory enhance LRH-1
activity and thus also T cell proliferation.

Knowledge transfer to humans, clinical relevance, and application
One of the most exciting perspectives of unraveling the role of LRH-1 in murine T cells was its
potential clinical significance in case these findings can be translated to the human organism.
In the first publication presented in this thesis, we not only confirmed LRH-1 expression in
human peripheral blood mononuclear cells (PBMCs) but, moreover, showed that experimental
activation of human T lymphocytes enhances LRH-1 mRNA levels and transcriptional activity.
To validate that LRH-1 regulates similar target genes, proliferation and associated effector
functions as observed in mice, CRISPR/Cas-mediated knockout or siRNA-mediated LRH-1
knockdown could be used to test the effect of LRH-1 gene silencing in healthy human T cells.
Most importantly in this context, it could already been shown that small molecule LRH-1
antagonists reduce the proliferation potential of human PBMCs in vitro (Seitz, 2018). Being
highly indicative for a critical implication of LRH-1 in proliferation of human T lymphocytes, this
further shows that primary, non-transformed human LRH-1 can be pharmacologically targeted
by small molecule inhibitors. Aside from leukemia (Chapter III & 4.3), therefore also other
disorders that are mediated by deregulated T cell proliferation and effector functions, such as
inflammatory or autoimmune diseases, would likely benefit from selective LRH-1 inhibition. In
support of this notion, 3d2-mediated LRH-1 inhibition mitigated acute T cell-mediated hepatitis
(Schwaderer et al., 2017) while LRH-1 deficient T cells failed to induce colitis in vivo (Chapter
I; Seitz et al., 2019). In addition to acute inflammation, selective LRH-1 antagonists might also
pose innovative therapeutic tools to treat T cell-driven chronic inflammatory conditions such
as rheumatoid arthritis (Cope et al., 2007). Another application could be the containment of
human immunodeficient virus (HIV) that is known to persist due to proliferation of latently HIVinfected CD4+ T cells (Chan et al., 2010, Hosmane et al., 2017). LRH-1 inhibitors targeting the
viability of these cells could contribute to the attenuation of persistent virus replication and
disease progression. LRH-1 agonists are vice versa potentially useful to support activationinduced proliferation of T cells for instance during infections and to improve the efficacy of
vaccinations (Panagioti et al., 2018).
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4.1.2 LRH-1 as a potential oncogene in leukemia cells
Presented in the second chapter, this thesis comprises a comprehensive review article that
details the latest state of the art concerning the well-established implication of LRH-1 in
different types of endodermal tissue-associated cancer. In short, LRH-1 stimulates cellular
viability by governing multiple pro-survival, pro-proliferative and anti-apoptotic signaling as well
as energy-generating metabolic pathways. Once deregulated, basically all these processes
confer a selective growth advantage, which emphasizes the potential of LRH-1 as an oncogene
and hence therapeutic target in cancer therapy. Since the role of LRH-1 in the hematopoietic
system has only recently attracted increasing scientific attention, so far only little is known
about its role in hematopoietic cancers. While analyzing the above-discussed functions of LRH1 in healthy T cells, activation-induced LRH-1 expression and activity could also be
demonstrated in one human leukemia cell line (Jurkat lT). As part of this thesis, low but
considerable expression as well as constitutive expression of LRH-1 could also be
demonstrated in further T-ALL cell lines. On this basis, possible oncogenic functions of LRH-1
in T cell-associated malignancies namely T-ALL were examined in the third presented
publication.

Regulation of leukemic T cell proliferation and survival
Pharmacological inhibition as well as RNA interference-mediated downregulation of LRH-1
revealed its crucial role in proliferation of leukemic T cells. As in healthy T lymphocytes and
other cancer types, LRH-1 promotes T-ALL cell proliferation by transcriptional controlling the
cell cycle regulators c-Myc and cyclin E1 that facilitate entry into the cell cycle. LRH-1 inhibition
accordingly caused a marked reduction of proliferating cells in the S or G2/M phase and
accumulation of unsynchronized cells in the G1/G0 phase. In line with this, LRH-1
downregulation and comparatively low concentrations of LRH-1 antagonists (3d2 & SR1848)
severely impaired the expansion of T-ALL cells.
Most importantly, LRH-1 seems to be much more relevant for the overall viability of malignant
compared to non-transformed T cells. This is especially emphasized by the fact that it is not
possible to generate LRH-1 knockout T-ALL cells. Contrasting the above discussed minor
effects of LRH-1 deficiency on the viability of murine T cells, complete CRISPR/Cas9-mediated
LRH-1 deletion did not only hamper proliferation but unexpectedly resulted in massive cell
death of T-ALL cell lines. In line with this, prolonged incubation and/or higher amounts of LRH1 inhibitors also had potent cytotoxic effects in human T-ALL cells in vitro. Induction of up to
50-80% Annexin V positive cells, caspase activation and cleavage of caspase substrates
suggest that cell death upon LRH-1 inhibition is executed by the intrinsic apoptosis pathway.
In line with this, caspase inhibition as well as overexpression of anti-apoptotic Bcl-2 rescues
from 3d2 toxicity.
Comparable to the cytotoxic effects observed upon prolonged incubation of cancer cells with
anti-mitotic drugs, cell death induction by LRH-1 inhibitors might ultimately result from a
sustained potent cell cycle arrest. Classic microtubule- or spindle-targeting anti-mitotic drugs,
however, lower the apoptotic threshold in cancer cells by inhibiting or depleting Mcl-1 and BclxL (Shi and Mitchison, 2017, Haschka et al., 2018). Toxic concentrations of 3d2 did not
significantly alter the protein levels of these anti-apoptotic Bcl-2 family members in leukemia
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cells (data not shown), indicating its different mode of action. Quite the contrary,
pharmacological LRH-1 inhibition resulted in the rapid upregulation of the pro-apoptotic BH3only protein Bim. In line with this, enhanced Bim levels could be detected in LRH-1 knockdown
T-ALL cells under steady-state conditions. Cumulative evidence hence suggests that LRH-1
promotes T-ALL cell survival or rather confers cell death resistance by somehow containing
Bim protein expression and/or abundance. In line with a recent study by Wang et al. (2018),
LRH-1, moreover, seems to counteract mitochondrial apoptotic signaling by positively
regulating Bcl-2 expression as revealed by RNA interference. Whether LRH-1 promotes
viability by influencing the availability or functionality of further pro- and anti-apoptotic Bcl-2
family members in leukemic T cells remains to be characterized. Favoring survival of other
cancer cells by conferring resistance to intrinsic as well as chemotherapy-induced ER stress,
oxidative and DNA damage (see Chapter II/3.1.2), it will be interesting to investigate if LRH-1
has similar additional oncogenic functions in T-ALL cells.

LRH-1 in metabolic transformation of leukemic T cells
Aside from directly supporting viability by increasing stress and cell death resistance, LRH-1 is
thought to contribute to the metabolic reprogramming of cancer cells by stimulating glycolytic
and mitochondrial ATP production (Chapter II, 3.1.1). Acting as cellular sensors and guardians
in case of metabolic stress respectively energy depletion (Canovas and Nebreda, 2021, Herzig
and Shaw, 2018), a transient activation p38 and AMPK (AMP-activated protein kinase) in 3d2treated or LRH-1 silenced T-ALL cells thus attracted our particular interest. Currently under
investigation, there is growing evidence that the oncogenic properties of LRH-1 in leukemic T
cells indeed comprise a positive role in regulation of bioenergetic processes. Prior to apoptosis
in response to 3d2-mediated LRH-1 inhibition, a rapid reduction in cellular ATP levels, oxidative
phosphorylation rates as well as lactate production could for instance already be confirmed in
different T-ALL cell lines (Pena Vaquero, 2020; unpublished MA thesis L. Meisinger, 2021). As
detailed in Chapter 1.4.3, continuously proliferating T-ALL cells, like other cancer cells, meet
their massive anabolic energy demand primarily by upregulation of aerobic glycolysis. To
bypass the consequent limited pyruvate availability, T-ALL simultaneously upregulate and are
highly dependent on glutaminolysis to alternatively fuel the TCA cycle (Herranz et al., 2015).
With glucose transporters (Bolado-Carrancio et al., 2014), glucose-metabolizing hexokinases
(Oosterveer et al., 2012) and mitochondrial glutaminase 2 (Xu et al., 2016) being
experimentally verified LRH-1 targets, LRH-1 could be directly linked to the metabolic
transformation of other cancer cells. To clarify whether LRH-1 likewise regulates energygenerating metabolic processes contributing to proliferation and survival of healthy but
especially leukemic T cells, it should be examined whether mRNA and protein levels of putative
metabolic targets are affected by reduced LRH-1 activity. In addition, Seahorse metabolic flux
technology can be used to analyze the impact of LRH-1 downregulation or inhibition on
glycolytic activity versus mitochondrial respiration (Mercier-Letondal et al., 2021).
Measurements of glutamine consumption rates could further be used to determine the
relevance of LRH-1 in promoting glutaminolysis. Alternatively, it could be tested whether the
detrimental effects of LRH-1 inhibitors can be rescued by supplementation with key metabolites
such as pyruvate or glutamine and thus result from blockage of metabolic pathways. All in all,
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these experiments will ultimately clarify whether, to what extend and how LRH-1 contributes to
glycolytic versus oxidative ATP production.
In summary it can be stated that LRH-1 has oncogenic properties in malignant T lymphocytes
by directly promoting their proliferation and counteracting mitochondrial apoptosis signaling.
Resembling metabolic functions identified in other tissues and cancer types, LRH-1 most likely
further stimulates T-ALL cell viability and growth in an indirect manner by contributing to
glycolytic and/or mitochondrial energy production.
As indicated by the different death rates upon LRH-1 deletion, leukemic T cells appear to be
much more dependent on LRH-1 compared to non-transformed murine T cells. For a clinically
more significant comparison, LRH-1 expression levels and effects of reduced LRH-1 activity
should be compared between primary human T cells obtained from healthy and T-ALL affected
donors.

4.2

Novel interaction of LRH-1 and the glucocorticoid receptor

4.2.1 Physical and regulatory interaction of LRH-1 and the GR
Apart from characterizing the general role and oncogenic potential of LRH-1 in leukemic T cells
a novel interaction between LRH-1 and the GR was reported in the third publication of this
thesis. First detected by co-precipitation, the establishment of bimolecular fluorescence
complementation (BiFC) by Thomas Goj (2020) enabled the unambiguous confirmation and
quantification of this direct heterodimeric GR-LRH-1 interaction. In line with the known steadystate subcellular localization of both transcription factors, their interaction critically depends on
the GC-mediated activation of the GR and naturally occurs exclusively in the nucleus were both
factors consequently co-localize.
It is well-established that the GR as well as LRH-1 not only physically interact with classic coregulators but also multiple other transcription factors including other NRs (Vandevyver et al.,
2014, Stein and Schoonjans, 2015). This often results in a reciprocal stimulation respectively
repression of activities. Hence, such interactions not only serve as additional regulatory
mechanisms but, moreover, extend the spectrum of genes under the transcriptional control of
the involved factors and hence range of their biological effects. Being epitomes of such
regulatory interplays, the inhibitory protein-protein interactions between the GR and NF-κB or
AP-1 mediate the immune-suppressive effects of GCs (Bosscher et al., 2003). Even though
less well studied, NF-κB and AP-1 seem to likewise bind and consequently act as potent
suppressors of LRH-1 (Huang et al., 2014). Closely resembling these examples, the direct
interaction of the GR and LRH-1 results in the reciprocal inhibition of their respective
transcriptional activities.
Of particular interest, the small molecule LRH-1 inhibitors SR1848 and 3d2 could be utilized to
selectively enhance respectively attenuate the LRH-1-mediated transrepression of the GR.
These opposing effects can be explained by the different modes of action and consequent
impact on the physical LRH-1-GR interaction of these LRH-1 antagonists. Via unknown
mechanisms, SR1848 detaches LRH-1 from chromatin and causes its nuclear export (Corzo et
al., 2015), which presumably accounts for the observed cytoplasmatic GC-independent
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interaction of LRH-1 with the GR. Moreover, SR1848 strongly increased the dexamethasonedependent interaction of LRH-1 and the GR. It likely favors the competitive formation of GRLRH-1 heterodimers over GR-GR homodimers by increasing the pool of “free”, DNA-unbound
LRH-1 protein that can potentially bind to the GR. The predominant nuclear localization of the
BiFC signal suggests that the GC-induced nuclear localization of the GR prevails against
SR1848-mediated LRH-1 translocation to the cytosol. In contrast, 3d2 increases the
transcriptional activity of the GR, most probably by blunting the formation of inhibitory GR-LRH1 complexes. This might be explained by the fact that 3d2 directly binds to and thereby
restructures the LRH-1 LBD. Being the primary co-regulator association interface of LRH-1
(see Chapter 1.1.3), these conformational changes most probably also interfere with its binding
to the GR.
Based on well-investigated, comparable interactions with other co-regulatory transcription
factors and NRs (see Chapter 1.1.3 & 1.4.1), it seems likely that binding of LRH-1 and the GR
involves parts of their LBD and maybe also DBD. Mutational analysis and computational
modeling could be used to characterize the LRH-1-GR interface and identify molecular
determinants including essential aa residues or regulatory post-translational modifications that
mediate their direct protein-protein interaction. This information could in turn be used to
identify or design novel small molecules and peptides targeting the physical and regulatory
LRH-1-GR interaction. Only recently, a novel peptide inhibitor that hampers formation of the βcatenin/LRH-1 complex and exhibits potent anti-cancer activity was designed that way
(Pouraghajan et al., 2020). Assuming that LRH-1 binds to other proteins via the same residues,
this LRH-1 sequence-derived peptide will likely also prevent its interaction with the GR. It yet
remains to be elucidated how such a peptide inhibitor would influence the transcriptional
activity of both NRs. In addition to this, the established split-YFP BiFC assay could be used to
develop an automated, cell-free method for the detection of LRH-1-GR complexes in nuclear
respectively cytoplasmatic extracts. This would allow for an optimized high-throughput
screening of small molecules or peptides that potentially induce or prevent formation of the
inhibitory interaction of LRH-1 and the GR. Even though the irreversibility of the split BiFC
system offers a significant advantage to detect weak or transient interactions (Kodama and Hu,
2012), it limits the identification of compounds that would allow for the dissociation of already
interacting LRH-1 and GR proteins. To circumvent this issue, innovative luciferase-based
complementation reporters might be tested for their suitability to determine the dynamic
formation and decomposition of LRH-1-GR complexes (Dixon et al., 2016).

4.2.2 Possible relevance in intestinal homeostasis and T cell development
With their described contrasting regulatory functions in T lymphocytes, the mutual antagonism
of LRH-1 and the GR is likely relevant for different physiological but also pathophysiological
processes involving T cells. Of major interest in this context is the LRH-1-regulated extraadrenal synthesis of immunoregulatory GCs in IECs (Mueller et al., 2006). Since TNF released
from activated immune cells triggers LRH-1 expression and is required for intestinal production
of GCs (Cima et al., 2004, Noti et al., 2010), it was suggested that LRH-1 counteracts and locally
attenuates overshooting immune responses to prevent intestinal epithelium damage (reviewed
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in, Ahmed et al., 2019a). Accordingly, application of therapeutic TNF restores local GC
synthesis and thus ameliorates intestinal inflammation (Noti et al., 2010). Vice versa, LRH-1
haploinsufficiency or intestine-specific deletion of LRH-1 results in increased susceptibility to
experimentally induced colitis (Ahmed et al., 2019b, Coste et al., 2007) and uncontrolled antiviral immune responses (Huang et al., 2018a). Given that GR signaling in epithelial cells is
important for the induction of tight junctions and thus for the maintenance of the intestinal
epithelial barrier function (Boivin et al., 2007), LRH-1 indirectly regulates GR activities via the
transcriptional regulation of intestinal GC synthesis. In turn, GR activation in differentiated
intestinal epithelial cells may inhibit LRH-1 activity, and thus restrict LRH-1-regulated
proliferation and GC synthesis to the intestinal crypts. Given the importance of an intact
intestinal epithelium for the maintenance of intestinal immune homeostasis, LRH-1-GR
interactions may thus also contribute to the regulation of intestinal inflammation.
With the proposed essential implication of LRH-1 in thymic maturation of T cells, it could further
be assumed that the regulatory LRH-1-GR interaction might plays a role in this developmental
process. Interestingly, also epithelial cells of the thymus are known to synthesize active GCs
although the regulators of thymic steroidogenic enzyme expression have not been identified
yet (Ashwell et al., 2000). In contrast to the intestine, locally produced GCs furthermore favor
survival rather than apoptosis of thymocytes. Being expressed in T cells during all stages of
thymic maturation, the GC-activated GR was shown to antagonize the negative selection of
CD4+CD8+ DP cells by interacting with and hence inhibiting the TCR-induced pro-apoptotic
functions of Nur77 (as detailed in chapter 1.4.2 and reviewd by Taves and Ashwell, 2021). The
LRH-1-mediated GR inhibition might in turn be required to antagonize the transcriptional
activity of the GR during other stages of thymocyte maturation. Apart from likely promoting
proliferation, LRH-1 could hence further contribute to T cell development by restricting the cell
death-inducing properties of the GR.

4.2.3 Relevance for GC resistance of leukemic T cells
The third publication of this thesis provides comprehensive experimental evidence showing
that the inhibitory interaction of LRH-1 and the GR critically contributes to GC resistance
observed in T-ALL. To begin with, GC-resistant T-ALL cell lines exhibit a high LRH-1 : GR
expression ratio, while the opposite was observed in GC-sensitive cells. Accordingly, the RNA
interference-mediated downregulation of LRH-1 sensitized GC-resistant T-ALL cell lines
towards dexamethasone-induced cell death. Likely based on the release of the GR from LRH1-mediated sequestration, LRH-1 downregulation was accompanied by improved GR autoupregulation and Bim induction. Ultimately resulting in the improved initiation of intrinsic
apoptosis signaling this closely resembles the mode of action of innovative approaches
respectively drugs that are used to overcome GC resistance like rapamycin (Guo et al., 2013)
or anisomycin (Liu et al., 2014). Excitingly, the above discussed reduced formation of
transrepressive LRH-1-GR complexes using 3d2 not only restored the transcriptional activity
of the GR but also impressively enhanced dexamethasone-induced apoptosis in GC-resistant
and sensitive T-ALL cell lines. The gene knockout studies presented in Chapter III further
confirmed that Bim and sufficient amounts of transcriptionally active GR are crucial pre-
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requisites for apoptosis synergistically induced by GCs combined with in this case 3d2
(Clarisse et al., 2020). Taken together, this highlights the therapeutic potential of molecules or
peptides preventing the newly discovered GR-LRH-1 interaction.
Emphasizing the clinical relevance of these in vitro findings, first small-scale experiments using
patient-derived xenografts (PDX) suggest that the newly discovered GR-LRH-1 interaction also
regulates the glucocorticoid sensitivity of primary human T-ALL cells. Similar to T-ALL cell
lines, synergistic or at least additive drug effects were observed in over 75% of human PDX
cells treated ex vivo with the combination of 3d2 and GCs. Of note, a maximal reduction in TALL PDX cell viability could be achieved at twenty to hundred times lower compound
concentrations than used in cell lines. Even more encouraging, combined dexamethasone and
3d2 treatment not only synergistically delayed but ultimately caused leukemia regression in a
corresponding PDX T-ALL engraftment model. Contrasting the potent cytotoxicity of 3d2
observed in cultured cell lines, human T-ALL PDX were, however, relatively insensitive towards
LRH-1 inhibition. This might be attributed to the high intra-tumor heterogeneity observed in TALL (Anderson et al., 2011) and further resembles the problematic inefficacy of most
chemotherapeutic agents when applied as a monotherapy (Wang et al., 2019). The different
responsiveness of T-ALL cell lines and PDX samples to the apoptosis-inducing capacities of
3d2 alone or in combination with GCs, further highlights the inter-individual heterogeneity and
genomic plasticity of T-ALL. In light of the multitude of mechanisms contributing to GC
resistance (Clarisse et al., 2020), the observed frequency as well as extent of sensitivity to the
combinatory 3d2/GC treatment is hence rather striking. To verify the biological significance
and determine how critical LRH-1-mediated GR sequestration contributes to GC resistance,
follow-up studies should be conducted. The scope of future investigation could be extended to
other lymphoid malignancies that are commonly associated with GC resistance including BALL (Sarno et al., 2018), multiple myeloma (Burwick and Sharma, 2019) or forms of nonHodgkin’s lymphoma (Scheijen, 2019). It further remains to be determined whether relative
LRH-1 and GR expression levels, resp. ratios, correlate with GC responsiveness and possibly
have prognostic value in predicting the sensitivity of lymphocytes to the combined treatment
with 3d2 and GCs.

4.3

Therapeutic potential of LRH-1 inhibitors in the treatment of
therapy-resistant leukemia

In summary, NRs like LRH-1 and the GR control complex gene regulatory networks and are
therefore essential for diverse physiological processes. Accordingly, their dysfunction could
be directly linked to various pathophysiological conditions including cancer. Due to their ability
to bind natural as well as synthetic ligands that modulate their transcriptional activity, NRs are
therefore considered ideal therapeutic targets for many diseases. Their tissue-specific but
conversely also systemic expression and effector functions, however, pose major challenges
for drug development, administration routes, and treatment success of NR targeting agents.
As exemplified by the usage of GCs to treat leukemia, the therapeutic potential of NR-based
drugs is thus often severely limited by concomitant massive adverse effects. Combined with
the frequent development of treatment resistance this highlights the urgent need for alternative
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therapy approaches and innovative means to overcome GC resistance. Interesting in this
connection, LRH-1 physically interacts and consequently inhibits the transcriptional activity of
the GR and thereby directly contributes to GC resistance of T-ALL, as summarized in Chapter
4.2.3. Emphasizing the therapeutic potential of compounds that disrupt the inhibitory proteinprotein interaction of both NRs, 3d2 could be used to synergistically enhance respectively
restore the GC sensitivity of T-ALL cell lines and primary human PDX.
Aside from reestablishing GR signaling, 3d2 inhibits the transcriptional activity of LRH-1 and
thus also its putative oncogenic functions in promoting glycolysis, oxidative phosphorylation,
glutamate metabolism and cholesterol biosynthesis (see Chapter II & 4.1.2). This is especially
interesting since upregulation and plasticity of these bioenergetic pathways were shown to
confer GC resistance and further predict an overall adverse outcome in T-ALL (Beesley et al.,
2009, Samuels et al., 2014). Causing cellular stress, selective metabolic inhibitors such as 2DG or oligomycin were already shown to synergize with GCs and thus offer further alternative
tools to overcome steroid resistance (Samuels et al., 2014, Leni et al., 2017, Eberhart et al.,
2009, Hulleman et al., 2009). Thus, apart from directly targeting the regulatory interaction of
the GR and LRH-1, several more indirect mechanisms might contribute to 3d2-mediated
sensitization of T-ALL cells towards dexamethasone-induced cell death. In line with this, LRH1 inhibition and downregulation increased phosphorylation and hence activation of p38,
facilitating an activating site-specific phosphorylation of the GR (Miller et al., 2005). Similarly,
3d2 caused activation of AMPK that was shown to suppress lymphoma progression by
interfering with aerobic glycolysis (Faubert et al., 2013).
In conclusion, selective LRH-1 antagonists that prime leukemic T cells for mitochondrial
apoptosis by enhancing the Bim : Bcl-2 ratio and disturb bioenergetic as well as stress
resolution pathways, will likely also increase the susceptibility to other stress or cell death
inducers. Based on this assumption, we analyzed the cytotoxicity of LRH-1 antagonists in
combination with a range of compounds that demonstrably sensitize T-ALL cells to other
chemotherapeutics. Displaying just the most impressive of many examples, we identified a
novel synergistic combination of 3d2 and the Smac mimetics BV-6 (Figure 8A) and LCL-161
(Figure 8B) to potently trigger cell death in T-ALL cells. Compared to the 3d2-mediated
sensitization to GCs, the combination of LRH-1 antagonists and Smac mimetics resulted in an
even more rapid and pronounced cell death induction in Jurkat, MOLT-4 and CEM-C1 cells.
Facilitating caspase activation by promoting degradation of inhibitor of apoptosis proteins
(IAPs), Smac mimetics can directly induce cell death but further also prime cancer cells for
other apoptosis triggers (Fulda, 2017). They hence exhibit a high therapeutic potential
especially when combined with other chemotherapeutic agents (Fulda and Vucic, 2012).
Accordingly, Belz et al. (2014) discovered that BV-6 and GCs synergize to induce cell death in
T-ALL cells which is mediated by the cooperative depletion of IAPs. Interestingly, preliminary
data suggests that synergistic apoptosis induction by 3d2 and BV-6 underlies the same
molecular mechanisms (Baur, 2019).
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Figure 8 Synergistic apoptosis induction by 3d2 and Smac mimetics in T-ALL cells
Flow cytometric analysis of cell death by AnnexinV staining in Jurkat, MOLT-4 and CEM-C1 cells upon treatment
with 40 µM 3d2 and indicated concentrations of (A) BV-6 and (B) LCL-161 for 24 h and 48 h. Cell death is
represented by the number of AnnexinV positive (AnnexinV+), apoptotic cells as a percentage (%) of total cells.
Mean values of technical triplicates of representative experiments ± SD are shown.

In addition, a striking synergy between LRH-1 antagonists and the glycolysis inhibitor 2-DG
could be observed in some T-ALL cell lines (Figure 9). This was especially pronounced in
MOLT-4 cells, while intermediate or mild synergistic cell death induction was observed in CEMC1 respectively Jurkat cells. Interestingly, the 2-DG-mediated sensitization to LRH-1 inhibition
can be mimicked by supplementing the growth medium of T-ALL cells with galactose instead
of glucose (Pena Vaquero, 2020; unpublished MA thesis L. Meisinger, 2021).
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Figure 9 Synergistic apoptosis induction by 3d2 and 2-deoxy-D-glucose in T-ALL cells
Flow cytometric analysis of cell death by AnnexinV staining in Jurkat, MOLT-4 and CEM-C1 cells upon treatment
with 40 µM (Jurkat, MOLT-4) or 55 µM (CEM-C1) 3d2 and indicated concentrations of 2-deoxy-D-glucose (2-DG)
for 24 h and 48 h. Cell death is represented by the number of AnnexinV positive (AnnexinV+), apoptotic cells as a
percentage (%) of total cells. Mean values of technical triplicates of representative experiments ± SD are shown.
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Similar to glycolytic suppression by 2-DG, metabolization of galactose prevents ATP yield
during glycolysis (Rossignol et al., 2004). In multiple cancer cells including T-ALL, this was
shown to shift the energy metabolism to oxidative phosphorylation which highly depends on
alternative fuels feeding into the TCA cycle such as glutamine or fatty acids (Shiratori et al.,
2019, Samuels et al., 2014). Even though definitive statements cannot be made yet, synergistic
cell death induction by combined LRH-1 and glycolysis inhibition is therefore likely due to a
fatal energy crisis caused by the simultaneous restraint of mitochondrial and glycolytic ATP
production. Accumulating evidence clearly supports a proposed critical implication of LRH-1
in leukemic T cell metabolism (Chapter 4.1.2). This might also explain why 3d2 primes for many
other (metabolic) stress-inducing agents that apart from the already mentioned include for
instance the mTOR inhibitor rapamycin or rotenone, a potent mitochondrial respiratory chain
complex I inhibitor (Palmer et al., 1968). The unique response profiles towards different drug
combinations suggest that LRH-1 has a variable relevance in regulating distinct pathways and
processes in different T-ALL cell lines. Likely also holding true for individual T-ALL patients,
this highlights the need and advantage of replacing conventional chemotherapy with precision
medicine. Patient-specific, targeted therapies based on rational drug combinations will prevent
avoidable side-effects and improve the cure rates and in T-ALL. Even though extensive further
research will be required to unravel the molecular mechanisms underlying the individual
synergistic drug combinations, LRH-1 inhibitors all in all seem to be promising therapeutic tools
to sensitize leukemic T cells to chemotherapeutic agents. Underscored by the observation that
two mechanistically different LRH-1 antagonists were sufficient to impair proliferation and
induce cell death of T-ALL cells, the therapeutic potential of LRH-1 inhibitors applied as single
agents should also not go unnoticed.
Even though little or rather nothing is known about the role of LRH-1 in immune cells other than
macrophages and T cells, first expression profiling revealed that also B-ALL cells express
significant amounts of LRH-1 (Figure 10A). Preliminary data further indicates that B-ALL cells
are like T-ALL cells susceptible to the apoptosis-inducing effects of LRH-1 inhibitors (Figure
10B). Possibly due to their comparably high GR expression levels (Figure 10A), 3d2-mediated
LRH-1 inhibition only slightly enhanced the inherent pronounced GC-sensitivity of Nalm-6 and
RS4;11 cells (Figure 10C/D). As observed in T-ALL cells, pharmacological LRH-1 inhibition
nevertheless sensitized both B-ALL cell lines towards Smac mimetics (Figure 10E/F) as well as
2-DG (unpublished MA thesis L. Meisinger, 2021). Therefore, the possible translational
applicability of the presented findings to other forms of leukemia is another highly interesting
aspect that underlines the clinical significance of this thesis.
Whether and to which extend LRH-1 inhibitors alone or in combination with other
chemotherapeutic agents affect the viability of nonmalignant hematopoietic cells remains to be
determined. Nevertheless, the comparably low LRH-1 expression levels in immune cells seem
to pose an advantage rather than disadvantage to specifically target LRH-1 in lymphocytes
while not affecting critical functions in other tissues or organs. Low doses of LRH-1 antagonists
would hence probably suffice to repress LRH-1 effector functions in T lymphocytes while
tissues with high LRH-1 expression would not be affected. In support of this, initial acute as
well as repeated in vivo 3d2 application in animal disease models evidenced its therapeutic
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benefits in the absence of systemic adverse effects (as detailly discussed in Chapter II/4 and
Chapter III).
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Figure 10 LRH-1 in B-ALL cells.
(A) Expression levels of human LRH-1 and GRα mRNA in human B-ALL cell lines as determined by real-time
quantitative PCR and calculated as relative expression compared to beta-actin. Flow cytometric analysis of cell
death by AnnexinV staining in Nalm-6 and RS4;11 upon treatment with indicated concentrations of (B) 3d2, (C/D)
3d2 and 10 nM dexamethasone (Dexa) or (E/F) BV-6 and 40 µM 3d2 for 24 h and 48 h. Cell death is represented
by the number of AnnexinV positive (AnnexinV+), apoptotic cells as a percentage (%) of total cells. Mean values
of technical triplicates of one representative experiments ± SD are shown.

In summary, the presented findings suggest that LRH-1 is an interesting novel target in the
treatment of therapy-resistant T and possibly also B cell leukemias. In the long term, this work
might provide the basis for the development of alternative LRH-1 antagonist-based treatment
approaches to detain progression and in rational combinations sensitize T-ALL cells not only
towards GCs but also other chemotherapeutics.
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5 MATERIAL & METHODS
5.1

Material

Cell line
Origin
Disease
Nalm-6
B- ALL
RS4;11
peripheral
CEM-C1
blood
Jurkat
T-ALL
MOLT-4
Table 1 Human B- and T-ALL cell lines

Supplier
B. Bornhauser
B. Bornhauser
ATCC
ATCC
ATCC

RRID
CVCL_0092
CVCL_0093
CVCL_3496
CVCL_0367
CVCL_0013

Product
Fetal Bovine Serum
Gentamycin solution
L-Glutamine solution
Roswell Park Memorial Institute 1640
Table 2 Cell culture media and additives

Supplier
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Cat#
032M3395
G1397
G7513
R8758

Product
Supplier
2-deoxy-D-glucose (2-DG)
Sigma-Aldrich
3d2
ChemBridge Corp
BV-6
Selleck Chemials Llc
Dexamethasone
Sigma-Aldrich
Dimethyl sulfoxide (DMSO)
Roth
LCL-161
AdooQ BioScience
Table 3 Reagents for treatment of ALL cell lines

Cat#
D6134
16728690
S7597
D4902
A994
A11928

Product
• Primer for qPCR
human βforward
Actin
reverse
forward
human GR
reverse
forward
human LRH-1
reverse
Table 4 Primer for qPCR

Supplier

Sequence (5’  3’)
ATGGAGAAGGCTGGGGCTCA
TCTCCATGGTGGTGAAGACA
GAAGGAAACTCCAGCCAGAA
CAGCTAACATCTCGGGGAAT
GTGTCCAGGAACAAGTCAATGC
GCTGCGGGTAGTTACACA

Product
Fast SYBR® Green master mix
High capacity cDNA Reverse Transcription Kit
Table 5 Commercial kits
Product
Calciumchlorid
Chloroform
DNase I (RNase-free)
Fluorescein isothiocyanate (FITC)-labeled AnnexinV
HEPES
Isopropanol
Magnesium chloride hexahydrate
Potassium chloride
Sodium chloride

metabion
international
AG

Supplier
Applied Biosystems
Applied Biosystems

Cat. Number
4334973
4368814

Supplier
Merck
Sigma Aldrich
New England BioLabs
This study
Sigma Aldrich
Fisher Scientific
Merck
Roth
Roth

Cat. Number
2379
SZBD1630V
M0303
N/A
9105.3
1288393
5833
6781.1
3957.2
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peqGOLD TriFast
Table 6 Chemicals
Software
BD FACSDiva
FlowJo
Prism
StepOnePlus™ Software v2.3
Table 7 Software

VWR

Supplier
BD Biosciences
FlowJo LLC
GraphPad Software
Thermo Fisher

Device
BD LSRFortessa™ cell analyzer (incl. high throughput sampler)
Nanodrop 2000 spectrophotometer
peQStar 2X Gradient PCR (thermocycler)
StepOnePlus real- time PCR System
Table 8 Technical devices

5.2

30-2030

Version
v6.2
v10.7
v6.0
v2.3

Supplier
BD Biosciences
Thermo Fisher
peQLab
Thermo Fisher

Methods

5.2.1 Cell lines and culture
Human B- and T-ALL cell lines (listed in Table 1) were cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium supplemented with 2 mM L-glutamine, 50 μg/mL gentamicin and
10% (B-ALL) or 5% (T-ALL) fetal bovine serum. Cells were cultured at 37°C with 5% CO2 under
humidified conditions and passaged every 2-3 days to maintain logarithmic growth. For routine
passaging, cultures were started at 1-2*105 viable cells/mL.
5.2.2 Treatment and flow cytometric quantification of apoptosis using Annexin V
One day prior to experiments, cells were adjusted to a density of 3*105 viable cells/mL. After
seeding 5*104 cells per well of 96-well plates, ALL cells were treated with the indicated amounts
of 2-DG, BV-6, Dexamethasone, LCL-161 and/or 3d2 for 24 h and 48 h. Pharmacological
inhibitors were stored at -80 C° and prepared as 20 mM Stock solutions in DMSO, that was
used as a solvent control in all experiments (indicated as 0 µM). Harvested by centrifugation,
cells were resuspended in 200 µL AnnexinV binding buffer (10 mM HEPES, 150 mM NaCl,
5 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2) supplemented with fluorescein isothiocyanate (FITC)labeled AnnexinV. Apoptotic cell death was assessed by flow cytometric quantification of
AnnexinV positive cells using the LSR Fortessa. Data were analyzed using FlowJo software and
visualized using Prism.
5.2.3 RNA extraction and quantitative real-time PCR (qPCR)
For isolation of mRNA, 2*106 B-ALL cells were lysed using 1 mL peqGOLD TriFast and
processed according to the manufacturer’s protocol. Purity, integrity and quantity of the
isolated RNA was assessed using a Nanodrop 2000 spectrophotometer, before 2 µg of RNA
were reverse transcribed into complementary DNA (cDNA) using a High-Capacity cDNA
Reverse Transcription Kit. Quantitative PCR using the primers listed in Table 4 was performed
on a StepOnePlusTM instrument using Fast SYBR® Green master mix. Transcript levels were
normalized to beta-Actin (β-Actin) and depicted as 2−ΔCt (ΔCt = Ct target gene − Ct β-Actin
gene).
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5xRE
2-DG
4-HT
aa
ABC
AF
Akt
AICD
ALL
AMPK
AP-1
APC
AR
APR
ASBT
BA
B-ALL
BCR
bGal
Bcl-2
BH
BiFC
bp
BSA
Ca2+
Cas
CBP
Cre-ERT
CD
CD
cKO
CDK
CRISPR
CYP
CytC
DAG
DAX1
DBD
DC
Dexa
DL
DLPC
DN
DNA
DP
DR
DSS
DUPC
eGFP
ER

Abbreviations
5-fold LRH-1 response element
2-deoxy-D-glucose
4-hydroxytamoxifen
amino acids
ATP-binding cassette
activation function
protein kinase B
activation-induced cell death
acute lymphoblastic leukemia
AMP-activated protein kinase
activator protein 1
antigen-presenting cell
androgen receptor
hepatic acute phase response
apical sodium-dependent BA transporter
bile acid
B cell acute lymphoblastic leukemia
B cell receptor
β-galactosidase
B-cell lymphoma 2
Bcl-2 homology
bimolecular fluorescence complementation
base pair
bovine serum albumin
calcium ions
CRISPR associated
cAMP response element-binding protein
4-HT-inducible estrogen hormone-binding domain
Crohn’s disease
cluster of differentiation
conditional LRH-1 knockout, Nr5a2L2/L2 CD4-Cre
cyclin-dependent kinase
clustered regularly interspaced short palindromic repeats
cytochrome P450
cytochrome C
diacylglycerol
DAX1, dosage-sensitive sex reversal, adrenal hypoplasia critical region on
chromosome X, gene 1
DNA binding domain
dendrtitic cell
dexamethasone
death ligand
dilauroyl phosphatidylcholine
double negative
deoxyribonucleic acid
double positive
death receptor
dextran sulfate sodium
diundecanoyl phosphatidylcholine
enhanced green fluorescent protein
endoplasmic reticulum
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ERα
ERK1/2
ESC
FAO
FasL
Ftz-F1
FXR
GC
GLS2
GILZ
GLUT
GR
GRE
GSK3
H12
HAT
HDAC
HIV
HDL
HEK
HNF
HRE
HSD
HSP
IECs
IL
IL7R
IP3
IFNγ
JNK
kb
KD
KO
LAT
LBD
LRH-1
LRH-1+/L2L2
LXR
MAPK
MHC
MKP-1
mitoGR
mRNA
mTOR
NCoR1
NAFLD
NFAT
NF-κB
NGFI-B/Nur77
nGRE
NPC1L1
NLS
NR
NR5a2

estrogen receptor α
extracellular signal-regulated kinases
embryonic stem cell
fatty acid oxidation
Fas ligand
fushi tarazu factor 1
farnesoid X receptor
glucocorticoid
glutaminase 2
glucocorticoid-induced leucine zipper
glucose transporter
glucocorticoid receptor
glucocorticoid response element
glycogen synthase kinase-3
helix 12 (of the nuclear receptor LBD)
histone acetyltransferase
histone deacetylase
human immunodeficient virus
high-density lipoproteins
human embryonic kidney
hepatocyte nuclear factor
hormone response elements
hydroxysteroid dehydrogenase
heat shock protein
intestinal epithelial cells
interleukin
IL-7 receptor
inositol (1,4,5)-trisphosphate
interferon γ
c-Jun N-terminal kinase
kilobase
knockdown
knockout
linker of activated T cells
ligand binding domain
liver receptor homolog-1
heterozygous deletion of LRH-1
control mice, Nr5a2L2/L2
liver X receptors
mitogen-activated protein kinase
major histocompatibility complex
MAP kinase phosphatase-1
mitochondrial GR
messenger RNA
mammalian target of rapamycin
nuclear receptor corepressor 1
non-alcoholic fatty liver disease
nuclear factor of activated T cells
nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells
nerve growth factor IB
negative glucocorticoid response element
Niemann-Pick C1-like 1
nuclear localization sequence
nuclear receptor
nuclear receptor subfamily 5, group A, member 2
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PALS
PBMCs
PDX1
PDX
PGC-1α
PIP3
PIP2
PKA
PMA
PKC-θ
PLCγ1
PPAR
PR
PROX-1
PTF1-L
PTM
qPCR
RasGRP
RE
RNA
ROS
RXR
SF-1
SHP
SLP76
Sirtuin 1
Smac
SMRT
SR-BI
SRC
StAR
SUMO
SWI/SFN
T-ALL
TH
TCA
TCR
TEC
Tregs
TF
TNBS
TNF
TNFR
TR
TRAIL
WNT
WT
YFP
XIAP
ZAP70

octamer-binding transcription factor 4
periarteriolar lymphoid sheaths
peripheral blood mononuclear cells
pancreatic and duodenal homeobox 1
patient-derived xenografts
peroxisome proliferator-activated receptor gamma coactivator 1-alpha
phosphatidylinositol (3,4,5)-trisphosphate
phosphatidyl inositol (4,5)-bisphosphate
protein kinase A
phorbol myristate acetate
protein kinase C
phospholipase Cγ1
peroxisome proliferator-activated receptors
progesterone receptor
prospero homeobox protein 1
pancreas transcription factor 1-L
post-translational modification
quantitative real-time polymerase chain reaction
Ras guanyl-releasing protein
response element
ribonucleic acid
reactive oxygen species
retinoid X receptor
SF-1, steroidogenic factor-1
small heterodimer partner
SH2 domain containing lymphocyte protein of 76 kDa
silent mating type information regulation 2 homolog 1
second mitochondria-derived activator of caspases
silencing mediator of retinoid and thyroid hormone receptors
scavenger receptor class B type I
steroid receptor co-activator
steroidogenic acute regulatory protein
small ubiquitin-related modifier
SWItch/Sucrose Non-Fermentable
T cell acute lymphoblastic leukemia
T helper cell
tricarboxylic acid
T cell receptor
thymic epithelial cell
regulatory T cells
transcription factor
(2,4,6)-trinitrobenzene sulfonic acid
tumor necrosis factor alpha
tumor necrosis factor receptor
thyroid hormone receptor
TNF-related apoptosis-inducing ligand
Wingless and INT-1
wildtype
yellow fluorescent protein
X-linked inhibitor of apoptosis protein
ζ-chain associated protein kinase 70
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