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LRH-1/NR5A2 interacts with the glucocorticoid
receptor to regulate glucocorticoid resistance
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Abstract

Nuclear receptors are transcription factors with important func-
tions in a variety of physiological and pathological processes. Tar-
geting glucocorticoid receptor (GR) activity using glucocorticoids is
a cornerstone in the treatment of patients with T cell acute lym-
phoblastic leukemia (T-ALL), and resistance to GC-induced cell
death is associated with poor outcome and a high risk for relapse.
Next to ligand-binding, heterodimerization with other transcrip-
tion factors presents an important mechanism for the regulation
of GR activity. Here, we describe a GC-induced direct association of
the Liver Receptor Homolog-1 (LRH-1) with the GR in the nucleus,
which results in reciprocal inhibition of transcriptional activity.
Pharmacological and molecular interference with LRH-1 impairs
proliferation and survival in T-ALL and causes a profound sensitiza-
tion to GC-induced cell death, even in GC-resistant T-ALL. Our data
illustrate that direct interaction between GR and LRH-1 critically
regulates glucocorticoid sensitivity in T-ALL opening up new per-
spectives for developing innovative therapeutic approaches to
treat GC-resistant T-ALL.
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Introduction

Liver Receptor Homolog-1 (LRH-1/NR5A2) is a transcription factor

of the nuclear receptor (NR) superfamily that is primarily expressed

in epithelial tissues of endodermal origin, including the liver, pan-

creas, gastro-intestinal tract and reproductive organs (Bookout

et al, 2006). It is considered an orphan NR as, contrary to most

NRs, no endogenous LRH-1 ligands have been identified so far.

While LRH-1 has a constant nuclear localization and maintains a

transcriptionally active conformation (Sablin et al, 2003), its activ-

ity is further regulated by co-activators and co-repressors, post-

translational modifications as well as substances interacting with

the ligand-binding pocket (Stein & Schoonjans, 2015). Regulating

the transcription of a plethora of target genes, LRH-1 is critically

involved in a wide variety of biological processes. It is vital during

embryonic development and further regulates different metabolic

pathways in the adult organism, including cholesterol and bile acid

homeostasis (Pare et al, 2004), as well as glucose-sensing and pro-

cessing (Oosterveer et al, 2012). In addition, LRH-1 was shown to

be a critical regulator of cellular proliferation (Botrugno et al, 2004),

stemness (Heng et al, 2010), stress response pathways (Mamrosh

et al, 2014) as well as local steroidogenesis, e.g. glucocorticoid (GC)

synthesis in the intestinal epithelium, as reviewed by Merk

et al (2021). As deregulation of these processes results in a selective

proliferative and survival advantage and is commonly associated

with cancer, LRH-1 has been proposed to be a potential oncogene

(Nadolny & Dong, 2015). In recent years, LRH-1, thus, gained

increasing attention in the field of cancer research, and its overex-

pression and/or deregulation is clearly linked to different types of

solid cancer. Several independent studies demonstrated an implica-

tion of LRH-1 in the development and progression of human pancre-

atic (Chen et al, 2018), colon (Wu et al, 2018), breast (Pang

et al, 2017), liver (Xiao et al, 2018), prostate (Porter et al, 2019)

and gastric cancer (Liu et al, 2019).

Whereas the function of LRH-1 in epithelial tissues and associ-

ated tumors is rather well explored, until today, very little is known

about its role in the hematopoietic system and associated malignan-

cies. Only recently, we were able to demonstrate that LRH-1 has

important regulatory functions in different immune cells, even

though its expression levels in these cell types are comparably low.

LRH-1 directly regulates the transcription of Fas (CD95) ligand in

cytotoxic T cells (Schwaderer et al, 2017) and controls the produc-

tion of pro-inflammatory cytokines in macrophages (Lefevre

et al, 2015; Schwaderer et al, 2020). Most importantly, however,

LRH-1 is a critical regulator of T cell proliferation and, thus, T cell-

mediated immune responses by regulating the transcription of cell

cycle regulators, including c-Myc, and cyclin D1 and E1. In addition,

LRH-1 seems to have important anti-apoptotic functions as its
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deletion results in elevated basal as well as mitogen-induced cell

death of T cells (Seitz et al, 2019). Along these lines, acute deletion

of LRH-1 in intestinal epithelial cells similarly results in extensive

cell death induction (Bayrer et al, 2018).

In contrast to these mitogenic and pro-survival functions of LRH-

1, the glucocorticoid receptor (GR/NR3C1) is well known for its anti-

proliferative as well as cell death-inducing activities in T cells

(Almawi & Melemedjian, 2002; Herold et al, 2006). Like LRH-1, the

GR is a transcription factor of the NR superfamily (Mangelsdorf

et al, 1995). Its activity is, however, predominantly regulated by

ligand-binding, which results in its dissociation from chaperone com-

plexes and translocation to the nucleus (Timmermans et al, 2019).

There, the GR binds to the DNA as a homodimer at glucocorticoid

responsive elements (GRE) to transactivate or repress target gene

expression (Louw, 2019). Due to their anti-inflammatory and

immune-suppressive effects, GCs are among the most important

drugs to treat auto-immune and inflammatory diseases (Petrillo

et al, 2017), but also hematological cancer, including T cell acute

lymphoblastic leukemia (T-ALL; Inaba & Pui, 2010). This particu-

larly aggressive form of blood cancer results from the malignant

transformation and subsequent uncontrolled clonal expansion of

immature T cell progenitors (Hefazi & Litzow, 2018). Accumulation

of these leukemic T cell blasts in the bone marrow and other organs

results in a decreased production as well as a harmful imbalance of

healthy blood components, and consequently functional insuffi-

ciency of the hematopoietic system (Terwilliger & Abdul-Hay, 2017).

For many years synthetic GCs, such as dexamethasone, are among

the most essential and effective drugs in the treatment of T-ALL,

inhibiting proliferation and inducing cell death of leukemic T cells.

Many patients, however, exhibit a poor response to GC treatment,

which limits the therapeutic effect of GCs (Olivas-Aguirre

et al, 2021). Despite extensive research effort, the molecular basis of

GC sensitivity and resistance remains only poorly understood, and

different mechanisms and their combinations contribute to GC resis-

tance observed in individual patients (Clarisse et al, 2020). Failure

of leukemic cells to undergo GC-induced cell death is, however, often

associated with the lack of GC-mediated GR auto-upregulation and

induction of the pro-apoptotic BCL-2 homolog and BH3-only protein

Bim (Riml et al, 2004; Jing et al, 2015).

Apart from ligand-binding, target gene regulation by NRs is

mainly regulated by multiple protein–protein interactions. These

interactions occur between NRs and designated adapter proteins,

co-activators and repressors, but these also include the formation of

homodimers as well as heterodimers with other transcription fac-

tors, including other NRs (Amoutzias et al, 2007; Weikum

et al, 2018). Especially important regarding GC resistance are the

physical interactions of ligand-bound GR with nuclear factor ‘kappa-

light-chain-enhancer’ of activated B cells (NF-jB) or activator pro-

tein 1 (AP-1), which reciprocally inhibit their transcriptional activity

(McKay & Cidlowski, 1998). GR interactions with NF-jB and AP-1

and associated suppression of pro-inflammatory factor expression

are primarily responsible for the anti-inflammatory effects of GCs

(Escoter-Torres et al, 2019). Vice versa, the mutual antagonism of

GR and NF-jB, respectively, AP-1, has been proposed to contribute

to GC resistances observed in different hematopoietic malignancies

(de Bosscher et al, 2003). Furthermore, similar protein–protein

interactions between the GR and the orphan NR nerve growth factor

IB (NGFI-B/Nur77/NR4A1) result also in reciprocal transrepression

(Martens et al, 2005). Interestingly, LRH-1 activity can likewise be

repressed by its direct interaction with NF-jB (Huang et al, 2014),

and the atypical NR and LRH-1 target small heterodimer partner

(SHP/NR0B2; Ortlund et al, 2005).

Based on these findings, we hypothesized that GR and LRH-1

could possibly interact in a similar manner. Indeed, we here report

a direct physical interaction of the GR with LRH-1 that mediates a

reciprocal inhibition of both transcription factors. Confirming the

role of LRH-1 in the proliferation of T cells as well as its oncogenic

properties observed in different solid cancers, we further show that

LRH-1 is a critical regulator of T-ALL cell proliferation and survival

as LRH-1 inhibition or downregulation results in growth defects and

apoptosis. Furthermore, we obtained evidence that the physical

interaction and mutual antagonism of the GR and LRH-1 plays a role

in pathophysiological GC resistance. Pharmacological inhibition as

well as LRH-1 knockdown sensitized T-ALL cells for GC-induced

apoptotic cell death. This sensitization seems to be mediated by an

improved auto-upregulation of the GR and Bim induction in

response to GCs. Importantly, synergistic cell death induction by

combined treatment with dexamethasone and LRH-1 inhibitor was

also observed in primary tumor cells from T-ALL patients in vitro

and in vivo in a xenograft transplantation model.

Taken together, this study reports for the first time a physical

interaction and a mutual antagonism between the GR and LRH-1

that plays a role in GC sensitivity. It further demonstrates a critical

role of LRH-1 in leukemic T cells, which opens new perspectives in

developing novel therapeutic strategies in the treatment of T-ALL.

Results

Co-localization and physical interaction of GR and LRH-1 in the
presence of dexamethasone

It is a well-established fact that the transcriptional activity of NRs is

not solely determined by ligand-binding or post-translational modifi-

cations but also by interactions with co-modulatory factors. These

protein–protein interactions occur between NRs and certain acces-

sory co-activators or -repressors, chaperones, DNA modifiers/read-

ers, but also other transcription factors, and play a critical role in the

transcriptional regulation of NRs. In order to investigate whether the

physical interaction between GR and LRH-1 could contribute to their

reciprocal regulation, we investigated their subcellular localization.

Whereas LRH-1 constantly exhibits nuclear localization, the GR

is sequestered in the cytosol under steady state conditions. (Fig 1A,

upper panel). Thus, co-localization of the GR and LRH-1, an essen-

tial prerequisite for their physical interaction, may only occur in the

presence of natural or synthetic GCs, such as dexamethasone. Dex-

amethasone induced a rapid translocation of the GR to the nucleus,

where it co-localized with LRH-1 (Fig 1A, lower panel). LRH-1 and

myc/His-tagged GR (mh-GR) could be co-precipitated by His-tag

pulldown when both proteins were overexpressed in the human

embryonic kidney (HEK) 293T cells (Fig EV1A), providing the first

evidence for their direct physical interaction. Due to an

overexpression-induced spontaneous nuclear translocation of the

GR, co-precipitation of LRH-1 from nuclear extracts could be

observed also in untreated cells but was substantially enhanced

upon dexamethasone stimulation. To circumvent the limitations of
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co-precipitation to unequivocally detect direct protein–protein inter-

actions (Elion, 2006) and to exclude the possibility that the GR and

LRH-1 are not directly interacting parts of a large multi-protein com-

plex, we next exploited bimolecular fluorescence complementation

(BiFC). For that purpose, two eYFP (enhanced yellow fluorescent

protein) fragments, referred to as YFP1 (residues 1–157) and YFP2

(residues 158–238), were fused to the N-terminus of LRH-1 (YFP1-

LRH-1), respectively, C-terminus of GR (GR-YFP2) as schematically

depicted in Fig 1B. Whereas the single split-YFP fusion proteins are

not fluorescent (Fig EV1B and D), direct physical interaction of

A

B D

C

Figure 1.
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YFP1-LRH-1 with GR-YFP2 should facilitate the reconstitution of

native eYFP. As the intensity of BiFC is often low (< 10%) in com-

parison to the full length wild type protein (Kerppola, 2008), we

first ensured that the reassembled eYFP emits sufficiently strong flu-

orescence upon excitation. Making use of the fact that the GR forms

homodimers, we confirmed that a combination of the GR C-

terminally tagged with the YFP1 fragment (YFP1-GR) and GR-YFP2

yields a profound BiFC signal that can not only be detected qualita-

tively by fluorescence microscopy (Fig EV1C) but also quantified by

flow cytometry (Fig EV1D). Confirming the known GC-dependent

subcellular localization of the GR (Nicolaides et al, 2000), YFP fluo-

rescence was restricted to the cytosol in the absence and to the

nucleus in the presence of dexamethasone (Fig EV1C). Simultane-

ous expression of YFP1-GR and GR-YFP2 resulted in approximately

40% YFP positive (YFP+) cells and was thus a suitable positive con-

trol for all following experiments (Fig EV1D).

As expected, hardly any BiFC was observed in unstimulated

YFP1-LRH-1- and GR-YFP2-expressing HEK 293H cells (Fig 1C,

upper panel). In contrast, dexamethasone-induced activation of the

GR resulted in a clear induction of exclusively nuclear BiFC, as

assessed by confocal fluorescence microscopy (Fig 1C, lower panel).

Quantification of YFP+ cells via flow cytometry confirmed the signif-

icant induction of GR-LRH-1 BiFC upon dexamethasone stimulation

(Fig 1D).

These results clearly demonstrate a novel direct physical interac-

tion of the GR and LRH-1, which may have potential regulatory

functions. We, thus, next investigated whether and how this GC-

mediated interaction might be affected by two small molecule LRH-

1 antagonists. As previously shown by Benod et al (2013), com-

pound 3d2 specifically binds to and induces a conformational

change of the LRH-1 ligand-binding domain that diminishes its inter-

action with co-regulatory proteins (Benod et al, 2013). The second,

even more potent LRH-1 antagonist SR1848 induces its rapid

translocation from the nucleus to the cytoplasm of cells (Corzo

et al, 2015). Via different modes of action, both compounds hence

not only inhibit LRH-1 activity but also alter its interaction with co-

regulatory factors. Interestingly, we observed opposing effects of

3d2 and SR1848 on the GR-LRH-1 interaction as assessed by analy-

sis of YFP1-LRH-1 and GR-YFP2 BiFC via fluorescence microscopy

(Fig EV1E) and flow cytometry (Fig 1D). Showing no effect in the

absence of GCs, 3d2 slightly reduced the dexamethasone-mediated

increase in BiFC positive cells (Fig 1D). Contrary, SR1848-mediated

nuclear export of LRH-1 did not only facilitate co-localization but

also significant interaction with the GR in the cytoplasm of cells

(Fig EV1E). Furthermore, SR1848 roughly doubled the amount of

dexamethasone-induced YFP+ cells and, thus, unlike 3d2, strongly

reinforces the GR-LRH-1 protein–protein interaction (Fig 1D).

In summary, these data provide evidence for a physical interac-

tion of the GR and LRH-1 that is promoted by GC-induced co-

localization of both NRs in the nucleus and that can be modulated

by small molecule LRH-1 antagonists.

Reciprocal inhibition of the GR and LRH-1

We next determined whether the physical interaction of the GR and

LRH-1 impacts the activity of one or both transcription factors.

Therefore, HEK 293T cells were transfected with either a GC

response element (GRE) or 5-fold LRH-1 response element (5xRE)

luciferase reporter and were treated with dexamethasone and/or

LRH-1 antagonists (3d2, SR1848) to assess the effects on GR and

LRH-1 transcriptional activity, respectively. First, validating the

functionality and suitability of these reporter assays, dexamethasone

treatment induced the GR promoter activity that could be signifi-

cantly enhanced by GR overexpression, and that was inhibited upon

pre-treatment with the GR antagonist RU486 (Beck et al, 1993;

Fig 2A). Similarly, LRH-1 transcriptional activity could be signifi-

cantly increased by LRH-1 overexpression. As predicted, treatment

with 3d2 or SR1848 resulted in a potent inhibition of LRH-1 reporter

activity (Fig 2B).

LRH-1 overexpression completely suppressed the basal activity

of endogenous GR (Fig 2C, left). Also, the massive dexamethasone-

induced reporter activity of overexpressed GR was significantly

reduced in response to simultaneous LRH-1 overexpression (Fig 2C,

right). Vice versa, dexamethasone-induced activation of the GR

resulted in significant LRH-1 inhibition that was comparable to inhi-

bition by 3d2 (Fig 2D).

Based on our findings, we hypothesized that the reciprocal inhi-

bition of GR and LRH-1 results from their interaction-mediated

sequestration and should thus correlate with protein expression

levels of the respective opponent. Indeed, dexamethasone-induced

GR activity significantly declined in a dose-dependent manner in

response to co-transfection with increasing amounts of LRH-1

expression plasmid (Fig 2E). Similarly, increasing GR levels caused

a dose-dependent reduction of LRH-1 transcriptional activity

(Fig 2F). Although spontaneous nuclear translocation of the GR due

to overexpression was sufficient to significantly inhibit LHR-1 activ-

ity, dexamethasone treatment further enhanced LRH-1 inhibition

even at low levels of GR overexpression.

Interestingly, treatment of cells with 3d2 alone already enhanced

the activity of endogenous as well as overexpressed GR (Fig 2C),

◀ 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 dexam-
ethasone (Dexa) or dimethyl sulfoxide (DMSO; solvent control). 40 ,6-diamidino-2-phenylindole (DAPI; blue) was used for nuclear counterstain. Scale bar, 50 lm; 20x
objective. Boxed areas are 4x magnified and shown at the right. Representative images of four biological replicates are shown.

B Schematic overview of the split eYFP protein and 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 of three biological replicates are shown and merged with the
corresponding brightfield (BF) image. Scale bar: 20 lm; 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 3d2 or SR1848,
before stimulation with Dexa (2 h). BiFC positive (YFP+) cells are shown as a percentage (%) of viable cells. Dashed line indicates percentage of Dexa-driven BiFC posi-
tive cells. Data are shown as mean � SD of nine (DMSO) and four (3d2/SR1848) biological replicates. Two-way ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2. Reciprocal inhibition of the GR and LRH-1.

A–F 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 respon-
sive (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. b-galactosidase (bGal) was co-transfected as an internal transfection con-
trol. Reporter cells were treated overnight with dexamethasone (Dexa), 3d2 and/or SR1848, as indicated. For inhibition of GR activity cells were further pre-treated
for 1 h with 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 activ-
ity 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 Dexa, 3d2 and/or 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.

Data information: Mean values of technical triplicates � SD of a typical experiment (n ≥ 3 biological replicates) are shown. Two-way ANOVA (A-D), unpaired t-test (E/F)
or one-way ANOVA (G); ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001.
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suggesting that endogenous LRH-1 restricts basal GR activity. Fur-

thermore, while 3d2 enhanced GR activity, SR1848 caused a reduc-

tion of dexamethasone-induced GR activity (Fig 2G). This correlates

with the observations that SR1848 strongly reinforces the interaction

between GR and LRH-1, whereas 3d2 has rather the opposite effect

(Fig 1D).

Cumulatively, these data strongly suggest a mutual antagonism

of LRH-1 and the GR that is most likely mediated by their direct,

GC-dependent protein–protein interaction. Importantly, it is possible

to enhance or repress this physical and regulatory interaction using

pharmacological inhibitors, respectively, activators, to modulate the

transcriptional activity of both NRs.

GR, LRH-1 and GC resistance in T cell acute lymphoblastic
leukemia cells

Closely resembling features of the well-investigated interplay

between the GR and NF-jB, respectively, AP-1, we presumed that

LRH-1-mediated GR inhibition could possibly impact GC sensitivity.

GC resistance is a frequently observed phenomenon in T-ALL cells.

We thus chose the three human T-ALL-derived T lymphocyte cell

lines, Jurkat, MOLT-4 and CEM-C1, to test this hypothesis. These T-

ALL cells are largely unresponsive to the growth-inhibiting and cell

death-inducing effects of GCs (Fig 3A and B). Even though affecting

proliferation of CEM-C1 cells after prolonged incubation (Fig 3A),

A

C

E

F G H

D

B

Figure 3.
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high concentrations of dexamethasone (up to 30 lM) did not cause

apoptotic cell death in Jurkat, MOLT-4 and CEM-C1 cells as assessed

by Annexin V staining (Fig 3B), while the GC-sensitive T-ALL cell

line CEM-C7 readily exhibited cell death in response to dexametha-

sone. Importantly, the expression of the transcriptionally active GRa
isoform and LRH-1 was detectable in all GC-resistant T-ALL cell

lines (Fig 3C). In contrast to the GC-sensitive CEM-C7 cells (Fig 3B),

Jurkat, MOLT-4 and CEM-C1 cells lacked a dexamethasone-induced

upregulation of the GR (Fig 3D), even though GR translocation was

unimpaired (Fig 3E). GC-resistant T-ALL cells further failed to

upregulate the three most prevalent Bim isoforms (BimEL, BimL and

BimS; O’Connor et al, 1998; Sionov et al, 2015) upon dexametha-

sone treatment (Fig 3D), a process known to be critical for GC-

induced cell death (Smith & Cidlowski, 2010). In fact, even a GC-

mediated reduction of GR protein levels was detected in Jurkat and

MOLT-4 cells (Fig 3D).

Of interest, while GC-sensitive CEM-C7 cells showed a high GR:

LRH-1 ratio, the opposite was observed in Jurkat, MOLT-4 and

CEM-C1 cells (Fig 3C), suggesting that LRH-1-mediated inhibition of

the GR might be responsible for GC resistance. However, as neither

mRNA nor protein expression necessarily reflects functionality, we

also assessed GR and LRH-1 activity in T-ALL cell lines using luci-

ferase reporter assays (Fig 3F and G). In line with the observed sen-

sitivity to GCs (Fig 3B), a strong induction of GR activity could be

observed in CEM-C7 cells upon dexamethasone treatment whereas

hardly any basal nor GC-induced GR activity could be detected in

Jurkat as well as MOLT-4 cells. Notably, simultaneous application

of 3d2 caused a striking increase in dexamethasone-induced GR

activity in both T-ALL cell lines (Fig 3F). Irrespective of their sensi-

tivity towards GCs, constitutive LRH-1 activity could be detected in

human T-ALL cells (Fig 3G). Most importantly, the application of

non-toxic 3d2 concentrations resulted in a potent inhibition of LRH-

1 in all used cell lines, suggesting that the transcriptional activity of

LRH-1 can be pharmacologically targeted in T-ALL cells. Altogether,

these data, demonstrating that a combination of dexamethasone and

the LRH-1 antagonist 3d2 are able to restore GR activity in otherwise

GC-unresponsive human T-ALL cell lines, support the notion that

LRH-1 could play a role in GC resistance, and that prevention or

disturbance of GR-LRH-1 interaction might sensitize GC-resistant

leukemic T cells to dexamethasone-induced cell death. In line with

this notion, we have seen that also in Jurkat cells dexamethasone

treatment resulted in a time-dependent increase in BiFC, indicating

that GR and LRH-1 interact with each other in a glucocorticoid-

induced manner also in T-ALL cells (Fig 3H).

LRH-1 is a critical regulator of T-ALL proliferation and survival

Controlling proliferation, pluripotency, stress response pathways

and energy metabolism, LRH-1 had been shown to favor tumor pro-

gression of a variety of solid cancer types (Nadolny & Dong, 2015).

As LRH-1 has vital functions in healthy T lymphocytes (Seitz

et al, 2019), and its expression as well as transcriptional activity

was detected in T-ALL cell lines (Fig 3C and G), we examined

whether LRH-1 likewise favors the growth and survival of leukemic

T cells.

Already after 24 h of specific pharmacological LRH-1 inhibition

using compound 3d2, Jurkat, MOLT-4, CEM-C1 and CEM-C7 cells

showed remarkably impaired proliferation when compared to sol-

vent control treated cells (Fig 4A). Similar results were also

obtained with the alternative LRH-1 inhibitor SR1848 (Fig EV2A).

Strongly emphasizing an essential role of LRH-1 in the regulation of

T-ALL viability, we failed to generate LRH-1 knockout cells as the

complete removal of LRH-1 protein did not allow for the selection of

viable, proliferating cells. Nonetheless, to confirm LRH-1 inhibitor-

mediated effects, we employed RNA interference-mediated down-

regulation of LRH-1 in T-ALL cells. LRH-1 knockdown by lentiviral-

mediated introduction of a short hairpin RNA (shRNA) targeting

LRH-1 (shLRH-1) was confirmed by probe-based quantitative PCR

(Fig EV2B). Notably, LRH-1 expression was almost completely abol-

ished in CEM-C1, while it was only reduced by 50–60% in Jurkat

and MOLT-4 when compared to the non-targeting shRNA control

construct (shcontrol). Unfortunately, currently available human

LRH-1 antibodies are not sensitive enough to detect the comparably

low LRH-1 protein levels in hematopoietic cells by Western blotting,

and thus LRH-1 knockdown could not be verified on protein level.

Nonetheless, comparable to pharmacological LRH-1 inhibition,

◀ Figure 3. GR, LRH-1 and GC resistance in T cell acute lymphoblastic leukemia cells.

A Cell count-based comparison of cellular proliferation of T-ALL cells after treatment with dexamethasone (Dexa). Individual and mean values of three biological repli-
cates � SD analyzed by two-way ANOVA are shown.

B Flow cytometric analysis of cell death by AnnexinV staining in T-ALL cell lines upon treatment with indicated Dexa concentrations. Cell death is represented by the
number of AnnexinV positive (AnnexinV+), apoptotic cells as a percentage (%) of total cells. Mean values of n ≥ 4 biological replicates � SD are shown.

C Expression levels of human GRa and LRH-1 mRNA in human T-ALL cell lines were determined by probe-based real-time quantitative PCR, calculated as relative
expression compared to beta-actin and used to determine the GR:LRH-1 ratio (right). Individual and mean values of four biological replicates � SD are shown and
statistically significant differences between CEM-C7 and GC-resistant cell lines were determined by one-way ANOVA.

D Immunoblots of GR, BimEL, BimL and BimS and Tubulin from T-ALL cells treated for 24 h. Representative results from n = 2 are shown.
E Immunoblots of GR, PARP (nuclear loading control) and Tubulin (cytoplasmatic loading control) from cytoplasmic (CP) and nucleoplasmic (NP) lysates of T-ALL cells

treated with Dexa. Note: Nuclear extracts were more highly concentrated (approx. 6-fold) than cytosolic fractions. Representative results from two are shown.
F, G GR and LRH-1 activity in human T-ALL cells transfected with a control luciferase reporter plasmid (pGL3) and either (F) GR responsive (GRE) or (G) LRH-1 responsive

(5xRE) luciferase reporter and treated with 3d2 and/or Dexa. b-galactosidase (bGal) was co-transfected as an internal transfection control. Luciferase reporter activ-
ity was normalized to bGal activity and calculated as relative to the DMSO-treated pGL3 control. Individual and mean values analyzed by two-way ANOVA of three
biological replicates � SD are shown for Jurkat and CEM-C7 whereas technical triplicates � SD of a representative experiment (n = 3) are shown for MOLT-4.

H Flow cytometry-based quantification of BiFC in Jurkat cells transiently co-transfected with YFP1-LRH-1 and GR-YFP2 and treated for indicated time periods with
Dexa. YFP+ cells are shown as a percentage (%) of viable cells. Individual and mean values � SD of three biological replicates analyzed by one-way ANOVA are
shown.

Data information: For all displayed experiments dimethyl sulfoxide (DMSO; represented by Ø or 0 h) was used as a solvent control. ns, not significant, *P < 0.05,
**P < 0.01, ***P < 0.001.
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LRH-1 knockdown caused a significant growth inhibition in MOLT-4

and CEM-C1 cells (Fig 4B), suggesting that LRH-1 is essential for T-

ALL cell proliferation. To gain insight into the underlying molecular

mechanism(s), we analyzed the effect of 3d2-mediated LRH-1

inhibition on the expression of c-Myc (Botrugno et al, 2004) and

cyclin E1 (Xiao et al, 2018), two known cell-cycle-regulating LRH-1

target genes. Within 4 h after 3d2 treatment, a strong downregula-

tion of c-Myc and cyclin E1 mRNA expression could be observed in

A

C

E F G

D

B

Figure 4. LRH-1 is a critical regulator of T-ALL proliferation and survival.

A, B Daily cell counting-based comparison of cellular proliferation of T-ALL cells after (A) treatment with 3d2 and (B) small hairpin RNA-mediated LRH-1 knockdown
(shLRH-1). Individual and mean values of technical triplicates of one representative experiment (n = 3) � SD anlyzed by two-way ANOVA are shown.

C Cell cycle distribution of T-ALL cells treated for 24 h with indicated concentrations of 3d2 as measured by propidium iodide flow cytometry. Representative results
from n = 3 are shown. Stacked bars represent the mean of technical triplicates � SD.

D 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 3d2.
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 are shown. Bars represent the mean of technical triplicates � SD and differences
in AnnexinV+ cells were analyzed by one-way ANOVA.

E Flow cytometric analysis of cell death by AnnexinV staining in T-ALL cell lines upon treatment with indicated 3d2 concentrations. Mean values of n = 4 � SD are
shown.

F Flow cytometric analysis of 3d2-induced cell death by AnnexinV staining in wild-type (WT), Bcl-2 overexpressing (Bcl-2) and Z-VAD-FMK (zVAD)-treated CEM-C1.
Mean values of technical triplicates of one representative experiment (n = 3 � SD analyzed by two-way ANOVA are shown.

G Immunoblots of full-length and cleaved (cl.) PARP, P-p38, c-Myc, Caspase 3 (Casp. 3), cl. Casp. 3, BimEL, BimL and BimS and Tubulin from MOLT-4 cells treated with
40 lM 3d2 for indicated time periods. Representative results from two are shown.

Data information: For all displayed experiments dimethyl sulfoxide (DMSO; represented by Ø or 0 h) was used as a solvent control. ns, not significant, *P < 0.05,
***P < 0.001.
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MOLT-4 as well as CEM-C1 cells (Fig EV2C). Even though short-

term LRH-1 inhibition overall caused only minor changes in protein

abundance, a slight reduction of both cell cycle regulators could be

observed in MOLT-4 after only 2 h and in CEM-C1 cells after 6 h

(Fig EV2D). A strong downregulation of c-Myc and cyclin E1 protein

levels was further detectable in LRH-1 knockdown T-ALL cells when

compared to the corresponding controls (Fig EV2E). In line with this

downregulation of cell cycle regulators known to be involved in the

G1/S transition (Hume et al, 2020), LRH-1 inhibition seemed to

impede entry into the cell cycle. 3d2 treatment caused a dose-

dependent accumulation of unsynchronized Jurkat and MOLT-4 in

the G0/G1 phase (Fig 4C). This was accompanied by a loss of cells

in the S and G2/M phase, while the proportion of cells in SubG1,

representing apoptotic cells, was not affected after 24 h. In contrast,

cell cycle phase distribution of CEM-C1 and CEM-C7 cells remained

unaffected by 3d2. This might be explained by their comparably

high proliferation rate (Fig 4A) combined with the fact that cells

were not synchronized prior to LRH-1 inhibition and mild cytotoxic-

ity of 3d2 at the used concentrations. We could confirm that LRH-1

inhibition blocks the proliferation of T-ALL cells independently of

apoptosis induction by combining quantification of dead cells using

Annexin V staining with a bidimensional cell cycle analysis of

Annexin V-negative, viable cells (Fig 4D). While 24 h treatment

with 3d2 did not induce cell death, a strong G1 arrest accompanied

by a corresponding reduction of proliferating cells in the S and G2/

M phase was observed in MOLT-4 cells. Taken together, these

results provide clear evidence for an essential role of LRH-1 in the

proliferation or more specifically the G1 to S phase transition of T-

ALL cells, likely via the transcriptional control of cell cycle-

regulating genes.

Interestingly, when the LRH-1 inhibitor 3d2 was applied at suffi-

ciently high concentrations and for prolonged time, it also induced

cell death in T-ALL cells, as measured by Annexin V staining

(Fig 4E). Already after 24 h of treatment, 10–35% dead cells could

be detected in the different T-ALL cell lines in response to 3d2,

which was further enhanced after 48 h of treatment. While pro-

longed incubation with high 3d2 concentrations triggered cell death

in approximately one third of CEM-C7 and half of Jurkat as well as

MOLT-4 cells, CEM-C1 cells were exquisitely sensitive to 3d2 and

died up to 80%. In contrast, identical concentrations of a 3d2-

related control substance (Benod et al, 2013), compound 2 (Cpd2),

did not show any cell death-inducing effects (Fig EV2F). To further

verify the specificity of 3d2-induced cell death, we next tested the

cell death-promoting effects of SR1848. Requiring about five- to six-

fold lower concentrations (≤10 lM), this small molecule LRH-1

repressor reduced the viability of CEM-C1 and MOLT-4 cells even

more potently compared to 3d2 (Fig EV2G). This is in line with pre-

vious studies showing that SR1848 inhibits the transcriptional activ-

ity of LRH-1 with higher potency (Corzo et al, 2015; Schwaderer

et al, 2017). In contrast, Jurkat cells were completely insensitive

towards SR1848 (Fig EV2G), even when applied at much higher

concentrations.

Given the fact that not only apoptotic, but also late necrotic cells

can be detected by Annexin V staining (Crowley et al, 2016), we

next wanted to analyze the nature of 3d2-mediated T-ALL cell death.

As caspase induction is a hallmark of apoptosis (Saraste &

Pulkki, 2000), we first tested whether cell death induction by 3d2 is

suppressed upon caspase inhibition. Indeed, treatment with the

pan-caspase inhibitor z-VAD-fmk (zVAD) markedly reduced the per-

centage of 3d2-induced Annexin V-positive CEM-C1 cells (Fig 4F).

Furthermore, overexpression of the anti-apoptotic protein Bcl-2 was

sufficient to completely rescue CEM-C1 cells from 3d2-induced cell

death (Figs 4F and EV2H). Along these lines, a 3d2-induced rapid

but transient increase in the pro-apoptotic Bcl-2 family member Bim

could be observed after 2 h. This was followed by caspase 3 pro-

cessing and cleavage of the caspase substrate PARP, which is consis-

tent with the induction of apoptotic cell death (Fig 4G). Even

though mild and transient, activation of p38, a stress kinase known

to be activated by essentially all environmental stress stimuli

(Canovas & Nebreda, 2021), indicates a state of general stress in T-

ALL cells early upon 3d2-mediated LRH-1 inhibition.

While early inhibition of LRH-1 with pharmacological inhibitors

or when applied at low concentrations mainly impairs proliferation,

prolonged treatment with high concentrations of LRH-1 inhibitors

(especially 3d2) potently induced T-ALL cell death mediated by acti-

vation of intrinsic apoptosis signaling. In summary, the presented

results thus highlight the importance of LRH-1 in cell cycle progres-

sion as well as the survival of leukemic T cells.

Regulation of GC-induced cell death by LRH-1

With growing evidence that 3d2-mediated LRH-1 inhibition

enhances GR activity (Fig 2) by impairing the newly discovered

inhibitory GR-LRH-1 interaction (Fig 1), we next aimed to investi-

gate whether interference with LRH-1 may be exploited to sensitize

T-ALL cells towards GC-induced apoptosis. Therefore, we first eval-

uated the effects of the combination of a sublethal concentration of

dexamethasone with increasing amounts of 3d2. In all GC-resistant

T-ALL cell lines tested, dexamethasone significantly enhanced 3d2-

mediated cell death induction (Fig 5A). Interestingly, this effect was

most pronounced in MOLT-4 that also exhibited highest LRH-1

mRNA expression (Fig 3C). Furthermore, sublethal concentrations

of 3d2 restored dexamethasone sensitivity of MOLT-4 cells in a

dose-dependent manner resulting in a strong synergistic cell death

induction with up to almost 100% apoptotic cells after 48 h

(Fig 5B). Even though significant, only minimal synergistic drug

activity could be observed 24 h after combined dexamethasone and

3d2 treatment (Fig EV3A). This correlates with the overall compara-

bly late onset of GC toxicity occurring only after 48 h, as observed

in CEM-C7 cells (Fig 3B). To our surprise, 3d2-mediated LRH-1

inhibition not only potently enhanced but also accelerated

dexamethasone-induced apoptosis in this GC-sensitive cell line

(Fig 5C). Already after 24 h, non-toxic dexamethasone concentra-

tions in combination with 3d2 resulted in a striking, dose-dependent

synergy promoting up to 60% cell death. In line with previous

experiments, this synergistic effect was even more pronounced after

48 h, when the combined treatment of CEM-C7 cells with 3d2 and

dexamethasone concentrations in the low nanomolar range was suf-

ficient to cause maximal cell death induction. This raised the ques-

tion of whether a prolonged incubation might further enhance the

synergistic drug effects in GC-resistant Jurkat, MOLT-4 and CEM-C1

cells. We thus extended the treatment duration from 48 h (Fig 5A)

to 72 h, which barely altered the relatively low cell death rates in

response to 3d2 or dexamethasone single treatments (Fig 5D). As

anticipated, elongation of the treatment, however, notably enhanced

the 3d2-mediated sensitization towards dexamethasone of all T-ALL

� 2022 The Authors EMBO reports 23: e54195 | 2022 9 of 26

Svenja Michalek et al EMBO reports



cell lines tested and thus resulted in massive synergistic cell death

induction.

Confirming the specificity of 3d2-mediated sensitization towards

GC induced apoptosis, we could show that the control substance

Cpd2 did not synergize with dexamethasone in any T-ALL cell line

tested (Fig EV3B and C). Even more importantly, LRH-1 knockdown

(shLRH-1) significantly sensitized MOLT-4 and CEM-C1 cells

towards dexamethasone-induced cell death when compared to the

corresponding control (Fig 5E). Similar as in experiments using 3d2,

the dose-dependent increase in Annexin V-positive LRH-1 knock-

down cells was especially pronounced 48 h after dexamethasone

application even though significant, but mild effects were already

observed after 24 h (Fig EV3D). In contrast, shLRH-1-expressing

Jurkat cells remained completely resistant towards GC-induced

apoptosis (Fig 5E) despite a reduction of LRH-1 mRNA expression

in comparison to the corresponding control could be verified by RT-

qPCR (Fig EV2B).

Given the opposing roles of LRH-1 and the GR in cell cycle regu-

lation of (leukemic) T cells, we next addressed whether a combina-

tion of 3d2 and dexamethasone also synergistically impairs T-ALL

proliferation. Indeed, almost all cells that survived synergistic apop-

tosis induction (viable, AnnexinV-negative) accumulated in the G1

A

C

E F

D

B

Figure 5. Regulation of GC-induced cell death by LRH-1.

A–D Flow cytometric analysis of cell death by AnnexinV staining in T-ALL cell lines upon treatment with Dexamethasone (Dexa) and 3d2. (A) 30 lM Dexa; (D) 55 lM 3d2
and 30 lM Dexa. Mean values of (A) n = 4, (B) technical triplicates of one representative experiment (n = 4), (C) n = 3 and (D) technical triplicates of one represen-
tative experiment (n = 3) � SD are shown.

E Flow cytometric analysis of cell death by AnnexinV staining in T-ALL cell lines expressing a non- (shcontrol) or LRH-1 (shLRH-1) targeting small hairpin RNA con-
struct and treatment with 30 lM Dexa. Mean values of n = 3 � 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 lM Dexa and
3d2. 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 n = 3 are shown. Bars represent the mean of technical triplicates � SD.

Data information: For all displayed experiments dimethyl sulfoxide (DMSO; represented by � or 0) was used as a solvent control. Two-way ANOVA (A–C, E) and one-way
ANOVA (D, F); ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001.
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phase in response to the combination of dexamethasone and 3d2, as

exemplarily shown in MOLT-4 cells (Fig 5F). Accordingly, barely

any viable cells were detected in the S and G2/M phase, suggesting

that 3d2-mediated LRH-1 inhibition and GCs cooperatively prevent

G1/S transition in T-ALL cells. In line with the results described

above (Figs 3A and 4D), a notable but comparably mild G1 arrest

could also be observed after 3d2 single treatment while dexametha-

sone alone did not affect MOLT-4 cell proliferation.

Taken together, these results indicate that LRH-1 contributes to

GC resistance and further show that its synthetic antagonist 3d2 not

only possesses anti-leukemic potential as a single agent, but also

cooperates with GCs to harm leukemic T cells by synergistically

inducing apoptosis and cell cycle arrest.

Sensitization to GC-induced cell death by 3d2 is mediated by
improved upregulation of Bim

Despite extensive research, the exact molecular mechanisms under-

lying GC sensitivity and thus also resistance remain incompletely

resolved. It is, however, well-established that GC-induced cell death

in healthy and malignant lymphocytes critically relies on activation

of the intrinsic mitochondrial apoptosis pathway involving GR-

mediated upregulation of the pro-apoptotic Bcl-2 family member

Bim (Jing et al, 2015). Accordingly, GC resistance in T-ALL could

be linked to an impaired ability to induce Bim expression (Bach-

mann et al, 2007). In line with this, Bim protein levels remained

unchanged when MOLT-4 cells were treated with dexamethasone

while a modest Bim protein induction could be observed after 3d2-

mediated LRH-1 inhibition (Fig 6A). However, combining dexam-

ethasone with increasing 3d2 concentrations triggered a marked,

dose-dependent increase of Bim protein levels and consequently

also PARP cleavage, suggesting induction of mitochondrial apopto-

sis signaling. In line with this, caspase inhibition using zVAD-FMK

rescued MOLT-4 cells not only from 3d2 single toxicity but also from

the synergistic cytotoxicity of 3d2 in combination with dexametha-

sone (Fig 6B).

To gain further information on the role of Bim in 3d2-mediated

sensitization to GC-induced apoptosis, we generated Bim knockout

T-ALL cell lines using CRISPR/Cas9 (Fig EV4A and B). Compared to

the corresponding control, Bim-deficient CEM-C7 cells were com-

pletely rescued from apoptosis induced by the combination of dex-

amethasone and 3d2(Fig 6C). Also after prolonged treatment (48 h)

Bim deficiency significantly protected CEM-C7 cells against this syn-

ergistic drug activity and prevented cell death induction by high 3d2

concentrations applied as a single agent. (Fig EV4C). Similar results

were obtained in MOLT-4 cells (Fig EV4D). In comparison to CEM-

C7 cells, these effects were, however, far less pronounced as resid-

ual Bim protein expression was detected in Bim knockout MOLT-4

cells (Fig EV4B). Nonetheless, these results suggest the essential

contribution of Bim in 3d2-induced apoptosis and especially in the

3d2-mediated sensitization to GCs in T-ALL cells. Given that higher

levels of Bim were detected in LRH-1 knockdown cells (Fig 6D), it is

possible that LRH-1 negatively regulates Bim expression and/or

abundance in a direct or indirect manner. Concurrently, reduced

LRH-1 expression was accompanied by a decrease in Bcl-2 protein

levels. Thus, altered ratios of Bim and Bcl-2 may contribute to

increased GC sensitivity, as recently shown in leukemia cells (Jing

et al, 2015).

It is well-established that lymphotoxic GC effects not only rely

on GR-mediated gene induction, such as auto-upregulation of the

GR and induction of Bim, but also on non-genomic, GR-

independent signaling pathways (Clarisse et al, 2020). We thus

deleted the GR from T-ALL cells to determine whether its pres-

ence is required or dispensable for the synergistic cell death

induction by GCs and 3d2 (Fig EV4E and F). A profound protec-

tion from apoptosis was observed in GR-deleted MOLT4 cells

treated with dexamethasone plus 3d2 (Figs 6E and EV4G), indicat-

ing that GR signaling is required for the synergistic induction of

cell death in T-ALL cells. Interestingly, even cell death induced by

3d2 alone was reduced in GR-deficient cells, suggesting that LRH-

1 inhibition may facilitate endogenous GR signaling in MOLT4

cells. In line with previous studies showing that the GR critically

regulates Bim expression in a direct (Jing et al, 2015) or indirect

manner (Heidari et al, 2012), GR deficiency was accompanied by

decreased Bim RNA levels (Fig EV4F). Vice versa, knockdown of

LRH-1 increased the basal GR mRNA expression threefold and fur-

ther improved the upregulation of the GR in response to dexam-

ethasone when compared to the corresponding control cell line

(Fig 6F). Similarly, LRH-1 knockdown CEM-C1 cells expressed

higher Bim mRNA under basal conditions, and prolonged treat-

ment with dexamethasone induced a drastic increase in Bim

mRNA expression compared to control cells (Fig 6G). After 24 h,

this improved transcriptional upregulation also clearly translated

into increased protein levels of Bim in MOLT-4 (Fig 6H) and

CEM-C1 cells (Fig EV4H). Silencing of LRH-1 resulted also in

increased basal and GC-induced GR protein levels in CEM-C1 cells

(Fig EV4H), while this effect was less pronounced in MOLT-4 cells

(Fig 6H). Whereas at this early time point (24 h) increased

dexamethasone-induced GR and Bim expression could be

observed, only little caspase activation as monitored by caspase 3

and PARP cleavage could be detected (Figs 6H and EV4H), but

synergistic induction of cell death by dexamethasone in LRH-1-

silenced cells became evident after 48 h (Fig 5E).

In line with a role of LRH-1 in the regulation of energy metabo-

lism via the transcriptional regulation of glutaminase 2 (GLS2) and

glucokinase (GCK; Oosterveer et al, 2012; Xu et al, 2016), increased

phosphorylation of the AMP-activated protein kinase (AMPK) was

observed in LRH-1-silenced or 3d2-treated cells (Figs 6H and EV4H)

suggesting increased metabolic stress due to lower cellular ATP

levels. Increased activation of AMPK was paralleled by reduced c-

Myc levels (Figs 6H and EV4H), likely resulting in the reduced pro-

liferation detected in 3d2-treated or LRH-1-silenced cells. Similar to

other cancer types (Michalek & Brunner, 2020), LRH-1 is thus also a

critical regulator of metabolic pathways and associated energy pro-

duction in T-ALL cells.

In summary, these data support the idea that synergistic cell

death induction by dexamethasone and 3d2 treatment is executed

by the intrinsic, mitochondrial apoptosis pathway involving Bcl-2

family members and caspase activation. Importantly, pharmacologi-

cal LRH-1 inhibition and LRH-1 downregulation yielded comparable

results, supporting the specificity of 3d2. Both, pharmacological

inhibition and LRH-silencing promoted T-ALL sensitization to GCs

by restoring GR activity (Fig 3E) and associated induction of the

pro-apoptotic BCL-2 member Bim. Moreover, activation of AMPK

suggests a role of LRH-1 in the energy production of leukemic

T 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 full-length and cleaved (cl.) PARP, BimEL, BimL and BimS and Tubulin from MOLT-4 cells treated for 24 h with 10 lM dexamethasone (Dexa) and
3d2. Representative results from three are shown.

B Flow cytometric analysis of cell death by AnnexinV staining in MOLT-4 cells treated with 3d2, 30 lM Dexa and/or 50 lM pan caspase inhibitor Z-VAD-FMK (zVAD).
Individual and mean values of technical triplicates of one representative out of n = 3 � 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 lM Dexa. Mean values of
technical triplicates of one representative of n = 4 � SD are shown.

D Immunoblots of BimEL, BimL and BimS, 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 lM Dexa.

Mean values of n = 3 � 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 lM Dexa for indicated times. Fold induction relative to the untreated shcontrol sample (0 h) was calculated after normalization to beta-actin. Individual values
of technical triplicates of one representative of two � SD are shown.

H Immunoblots of full-length and cleaved (cl.) PARP, GR and phospho-AMPK (P-AMPK), c-Myc, full-length and cl. Caspase 3, BimEL, BimL and BimS and Tubulin from
MOLT-4 cells treated with 40 lM 3d2 and/or 10 lM Dexa. Representative results from two are shown.

Data information: For all displayed experiments dimethyl sulfoxide (DMSO; represented by 0 or Ø) was used as a solvent control. Two-way ANOVA (B, C, E); ns, not
significant, **P < 0.01, ***P < 0.001.
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Synergistic cell death induction by 3d2 and dexamethasone in
patient-derived human T-ALL

Thus far, our data strongly suggest that LRH-1 is not only essential

for the proliferation and survival of T-ALL cells but seems also to be

critically involved in the regulation of GC sensitivity due to a pro-

tein–protein interaction-mediated inhibition of the GR. To address

the relevance of these findings in T-ALL patient samples, we next

assessed the effect of 3d2-mediated LRH-1 inhibition on dexametha-

sone sensitivity in human T-ALL patient-derived xenografts (PDX),

which closely recapitulate the genetic landscape of primary

leukemic T cells (Frismantas et al, 2017; Richter-Pecha�nska

et al, 2018). Primary human T-ALL PDX, co-cultured ex vivo on

mesenchymal stromal cells, were treated for 72 h with increasing

concentrations of 3d2 and dexamethasone in a matrix-based assay.

Cell viability was subsequently analyzed using an imaging-based

fluorescence readout as described previously (Frismantas et al,

2017; Fig 7A). 3d2 applied as a single agent did not affect the viabil-

ity of the majority of the T-ALL samples. Nevertheless, in one out of

the four tested T-ALL PDX (Sample 2) more than 2 lM 3d2 was suf-

ficient to notably reduce cellular viability. Similarly, patient-derived

cells were insensitive to GCs alone, except for sample 2, in which

dexamethasone single treatment reduced the cellular viability by

almost 60%. Most importantly, however, combined treatment of

human PDX cells with 3d2 and dexamethasone resulted in synergis-

tic induction of cell death in most samples tested. Excitingly,

approximately 1,000 times lower concentrations of dexamethasone

than in T-ALL cell lines were sufficient to promote synergistic cell

death induction (Fig 7A), suggesting that primary T-ALL cells

respond particularly well to the combination of 3d2 and dexametha-

sone. Accordingly, an additive or even synergistic activity of dexam-

ethasone and 3d2 could be confirmed in 75% of the in total

8 primary T-ALL samples tested as indicated by synergy score (Z-

score) values above 0 (Fig 7B). In some T-ALL samples (e.g. Sam-

ples 2 and 3) a striking synergy between dexamethasone and 3d2

was observed, as already low nanomolar 3d2 concentrations

resulted in maximal cell death. In contrast, dose-dependent, inter-

mediate synergistic effects or a complete lack of cell death induction

was observed in other PDXs, as exemplified by Sample 1 and Sam-

ple 4, respectively (Fig 7A). Analysis of mRNA transcript levels

revealed differential GR, LRH-1 and Bim expression in individual T-

ALL patient samples (Fig 7C). Noteworthy, a remarkably high GR:

LRH-1 expression ratio was observed in leukemia cells that were not

only resistant to the combined treatment but which, on the contrary,

even caused antagonistic effects as indicated by Z-scores below 0 in

Samples 4 and 8 (gray bars). In line with this observation, drug

responsiveness represented by Z-scores negatively correlated with

GR:LRH-1 expression ratios (Fig 7D). Positive correlations between

Z-scores and LRH-1 as well as Bim expression levels, on the other

hand, provide further evidence for the LRH-1 specificity of 3d2, and

Bim being a critical mediator of cell death-induced by the combined

treatment with dexamthasone.

Given the promising anti-leukemic effects of the combination of

3d2 and dexamethasone in cell lines as well as ex vivo cultured

PDX, we wanted to further assess the potential clinical application

of these findings. Even though we demonstrated that 3d2 does not

exhibit single dose toxicity in vivo while having potent beneficial

effects in acute T cell as well as macrophage-mediated hepatitis

models (Schwaderer et al, 2017, 2020), up to date there are no pub-

lished data regarding the long-term efficacy, adverse effects or

cumulative toxicity of 3d2 in mammals. To test the therapeutic

potential of long-term 3d2 treatment alone or in combination with

GCs in vivo, we conducted a small-scale pre-clinical in vivo experi-

ment employing two of the ex vivo tested primary T-ALL samples in

a xenograft model. To further reduce the sample size, we did single

mouse testing. This approach almost equals conventional methods

for predicting drug responses but only employs one immunodefi-

cient mouse injected with PDX cells per treatment condition (Mur-

phy et al, 2016). In short, after a three-week treatment with

dexamethasone and/or 3d2 injections every two or five days,

respectively, leukemia engraftment was monitored over time by

determining the proportion of human CD45+ hematopoietic cells in

the peripheral blood using flow cytometry. The two patient-derived

tumor samples showed quite different growth behavior in vivo

(Fig 7E). While Sample 2 resulted in an already very high tumor

burden after 40 days, Sample 1 required more than 60 days for

notable tumor engraftment. First and foremost, no obvious general

toxicity nor adverse drug reactions as documented by increased

weight loss were observed after long-term and repeated in vivo

administration of 3d2, suggesting a relatively good safety profile.

Somewhat unexpectedly, the response to combined dexamethasone

and 3d2 treatment in vivo did only partially correlate with the inter-

mediate and strong in vitro synergy for Sample 1 and Sample 2,

respectively (Fig 7A). Despite lacking sensitivity ex vivo, single

agent dexamethasone and 3d2 treatment delayed the in vivo

leukemia progression of both T-ALL patient-derived tumor cells to

some extent, but eventually resulted in a similar tumor burden as in

control treated animals. Most importantly, the combination of dex-

amethasone and 3d2 synergistically reduced the accumulation of

human leukemia cells in the peripheral blood after transplantation

of PDX Sample 1. In comparison to the single agents alone, com-

bined LRH-1 inhibition and GR activation not only drastically pro-

longed survival by more than 20 days but also seemed to ultimately

result in leukemia regression. Contrary to expectations based on the

strong synergistic effects in vitro, combination therapy only tran-

siently delayed in vivo leukemia progression of the highly aggres-

sive primary T-ALL cells from patient Sample 2.

In conclusion, these PDX-based ex vivo and in vivo experiments

confirm our in vitro data suggesting an essential role of LRH-1 in

proliferation, survival and GC responsiveness of human T-ALL cells

in the majority of samples tested. Thus, LRH-1 inhibitor-based sensi-

tization of tumor cells to GC-induced cell death may represent an

interesting novel therapeutic approach for the treatment of T-ALL,

at least in a subset of patients.

Discussion

Transcription factors of the NR superfamily have diverse regulatory

functions in a wide variety of biological processes via the transcrip-

tional control of complex gene regulatory networks (Kininis &

Kraus, 2008). Since a deregulation of their activity is linked to vari-

ous diseases, NRs represent interesting therapeutic targets, and cur-

rent research thus aims at the design and characterization of

compounds that specifically stimulate or repress NR activity. Apart

from ligand-binding, heterodimerization with other transcription
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Figure 7. Synergistic cell death induction by 3d2 and dexamethasone in patient-derived human T-ALL.

A Ex vivo response of human T cell acute lymphoblastic leukemia (T-ALL) patient-derived xenografts (PDX), co-cultured on hTERT-immortalized primary bone marrow
MSCs, to treatment with indicated concentrations of 3d2 and/or dexamethasone (Sample 1, 3 and 4: 1 nM; Sample 2: 0.1 nM). Cell viability was quantified by fluores-
cent live cell staining using CyQuant combined with automated image analysis (Frismantas et al, 2017) and calculated as percentage (%) of the dimethyl sulfoxide
treated control.

B 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 increasing concentrations of 3d2 and/or dexamethasone using SynergyFinder tool. Z-scores ≥0 indicate additivity or synergism and < 0 antagonism.

C Expression levels of human GRa, LRH-1 and Bim mRNA in human human PDX were determined by real-time quantitative PCR, calculated as relative expression com-
pared to beta-actin and used to determine the GR:LRH-1 ratio (right).

D Pearson correlation coefficients (r) calculated between Z-scores shown in (B) and the GR:LRH-1 expression ratio as well as Bim mRNA levels from (C).
E In vivo leukemia progression of human T-ALL PDX transplanted into NSG mice treated for 3 weeks with vehicle (PBS control), 40 mg/kg 3d2 and or 10 mg/kg Dexam-

ethasone starting 3 days post transplantation. Engraftment was calculated as % of human vs total (human+mouse) CD45 positive (CD45+) cells as assessed by flow
cytometric analysis of peripheral blood.

Data information: All displayed experiments display one biological replicate.
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factors, including other NRs, has been shown to critically contribute

to the regulation of NR activity, further increasing the range and

complexity of individual NR target gene networks and regulation

(Amoutzias et al, 2007; Weikum et al, 2018). Particularly well-

described in this context are the direct physical interactions of the

GR with NF-jB, respectively, AP-1, that are primarily responsible

for the immune-suppressive effects of GCs by transrepressing these

two pro-inflammatory transcription factors (Schule et al, 1990;

Liden et al, 1997; Liberman et al, 2018). However, the direct pro-

tein–protein interactions with these survival-promoting transcription

factors result also in GR sequestration, and thus restriction of the

GC-initiated cell death-inducing activity of the GR, which mainly

relies on its transcriptional activity (de Bosscher et al, 2003). Here

we report a novel heterodimeric interaction of the GR with LRH-1

with important consequences for their respective transcriptional

activities. Importantly, this physical and regulatory interaction was

found to be specifically modulated by small molecule LRH-1 inhibi-

tors to selectively increase or repress GR activity. While 3d2-

mediated LRH-1 inhibition reduces antagonistic GR-LRH-1 interac-

tions, consequently resulting in increased GR activity, SR1848 signif-

icantly reinforces interactions between LRH-1 and GR, and

associated transrepression due to the translocation of LRH-1 to the

cytoplasm.

LRH-1 and GR have fundamentally opposing regulatory functions

in immune cells. Therefore, the reciprocal antagonism of the GR,

and LRH-1 is most likely implicated in various physiological and

pathophysiological processes involving immune cells and interac-

tions with tissue cells. Only recently, LRH-1 expression, function

and pharmacological targetability could be unequivocally confirmed

in hematopoietic cells (Benod et al, 2013; Schwaderer et al, 2017;

Schwaderer et al, 2020; Seitz et al, 2019). Even though lympho-

cytes exhibit rather low LRH-1 expression levels in comparison to

other tissues (Bookout et al, 2006; Seitz et al, 2019; Uhl�en et al,

2015), LRH-1 is indispensable for T cell development and function

(Seitz et al, 2019). The critical role of LRH-1 in T cells is empha-

sized by the observation that LRH-1 deletion in tissues with high

LRH-1 expression, such as the liver and the intestine, does not cause

any tissue-specific developmental defects (Mataki et al, 2007; Lee

et al, 2008), whereas T cell-specific LRH-1 deletion results in a dras-

tic reduction of mature peripheral T lymphocytes, and strongly

impaired activation-induced proliferation and effector functions of

the remaining T cells (Seitz et al, 2019). Consequently, LRH-1-

deficient T cells fail to promote intestinal inflammation in a transfer

model of experimental colitis (Seitz et al, 2019), illustrating the

importance of LRH-1 in regulating T cell proliferation and pro-

inflammatory effector functions. In line with this notion, LRH-1 is

also expressed at low levels in T-ALL cells (Fig 3C), yet is critically

involved in the regulation of proliferation and survival of GC-

resistant T-ALL cells (Figs 3 and 4). Thereby confirming the pro-

posed oncogenic properties of LRH-1 (Michalek & Brunner, 2020),

we suggest that LRH-1 represents an interesting therapeutic target in

the treatment of T cell leukemias.

In contrast to LRH-1, GR activation suppresses T cell prolifera-

tion and T cell-mediated inflammation, in part also by promoting T

cell apoptosis. Activation-induced LRH-1 expression therefore likely

also limits the anti-proliferative and cell death-promoting activity of

the GR. Due to their strong immunomodulatory and cell death-

promoting actions, synthetic GCs are among the most prescribed

drugs, and current mainstay in the therapy of inflammatory and

auto-immune diseases, as well as hematopoietic malignancies,

including T-ALL (Hodgens & Sharman, 2022; Pearson & Eliel, 1950).

As the therapeutic potential of GCs is, however, severely limited by

the high incidence of primary or secondary GC resistance with ill-

defined underlying molecular mechanisms, there is an urgent need

for new therapeutic options and targets to effectively treat T-ALL

(Olivas-Aguirre et al, 2021). By pharmacological inhibition and

RNA interference experiments, we obtained comprehensive data

that LRH-1 inhibition targets GC-resistant T-ALL cells at various

levels. (i) By reducing the expression of c-Myc and cyclin E1, two

well-known LRH-1 target genes that regulate G1/S transition

(Botrugno et al, 2004; Xiao et al, 2018; Hume et al, 2020), LRH-1

inhibitors strongly impair the proliferation of leukemic T cells

(Figs 4 and EV2). (ii) Furthermore, at higher concentrations, LRH-1

inhibition by 3d2 activates the intrinsic apoptosis pathway involving

upregulation of Bim, caspase 3 activation and PARP cleavage

(Fig 4E–G). (iii) Most importantly, we show that antagonism of

LRH-1 restores GC sensitivity, resulting in synergistic induction of

cell death upon treatment of T-ALL cells by 3d2 and dexamethasone

(Fig 5). Highlighting the potential clinical relevance of LRH-1-

mediated suppression of GR signaling and GC resistance also in pri-

mary human patient samples, we could demonstrate that the major-

ity of PDX cells responded by increased cell death induction upon

combined treatment with 3d2 and dexamethasone (Fig 7).

Our data suggest several molecular mechanisms underlying this

synergistic induction of cell death, with the most relevant one pre-

sumably being the 3d2-mediated disruption of the antagonistic GR-

LRH-1 complex (Fig 1D). Consequently, by restoring GR activity in

the GC resistant T-ALL cell lines (Fig 3F) 3d2 facilitates initiation of

the mitochondrial apoptosis signaling pathway in response to GCs,

thereby enhancing dexamethasone sensitivity of GC-resistant and

sensitive T-ALL cell lines (Fig 5). Since GR auto-induction and Bim

upregulation were shown to be critical for GC-mediated cell death

(Ramdas et al, 1999), which was observed in GC-sensitive but not

resistance T-ALL cell lines (Fig 3D), many combination therapy

approaches aim at re-establishing these processes. For example,

reversal of GC resistance by the mTOR (mammalian target of rapa-

mycin) inhibitor Rapamycin (Lopez-Royuela et al, 2010; Guo

et al, 2013) or the protein synthesis inhibitor Anisomycin critically

relies on the cooperative upregulation of GR and Bim (Liu

et al, 2014). Our results indicate that the synergistic drug activity of

dexamethasone and 3d2 is analogously based on improved GR acti-

vaton as well as upregulation and Bim induction (Figs 3F and 6).

Together with the observation that GR deletion protects from 3d2-

mediated re-sensitization towards dexamethasone (Figs 6E and

EV4G) our data demonstrate that the presence of transcriptionally

active GR is a fundamental prerequisite for GC-induced cell death

(Brown & Ferrando, 2018). Interestingly, GR deletion also rescued

from 3d2 single toxicity. This suggests that apoptosis induction by

3d2 may involve activation of endogenous GR signaling due to the

release of the GR from LRH-1-mediated sequestration (Figs 6E and

EV4G). In this respect, it has been interesting to observe that

dexamethasone-induced apoptosis is enhanced in LRH-1-deficient

thymocytes (S. Michalek, T. Brunner, unpublished observation).

Thus, antagonistic LHR-1-GR interactions seem to play comparable

roles in the regulation of proliferation and cell death induction in

primary and malignant T cells.
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Despite the general heterogenicity of patient-derived leukemia

cells (Clarisse et al, 2020), we observed an additive or in many

cases even synergistic reduction in cell viability in most ex vivo cul-

tured human PDX samples after combined treatment using low

doses of dexamethasone and 3d2 (Fig 7A and B). Even more

remarkable, a synergistic delay of leukemia progression could also

be observed in a corresponding in vivo PDX T-ALL engraftment

model (Fig 7E). This up-to-date unique long-term and repeated

application of LRH-1 inhibitors, in general, and 3d2, in particular,

provides further very first evidence for the relative safety of sys-

temic treatment with LRH-1 inhibitors. Despite the limited sample

size, these experiments with human PDX tumor cells emphasize the

clinical significance of the newly discovered GR-LRH-1 interaction

in the context of pathophysiological GC resistance and confirm an

important role of LRH-1 in the regulation of leukemic T cell viabil-

ity. Furthermore, correlation analysis revealed that GR:LRH-1

expression ratios, as well as LRH-1 and Bim expression are a good

predictors for the synergistic induction of cell death by 3d2 and dex-

amethasone (Fig 7D). However, future studies must further comple-

ment our so far limited, but promising initial results, and validate

how critical LRH-1-mediated GR sequestration is in general in medi-

ating GC resistance in T-ALL patients.

Taken together, we discovered a novel GC-dependent direct

physical interaction of the GR with LRH-1 that results in transrepres-

sion of both nuclear receptors and that mediates GC resistance.

Specific LRH-1 inhibitors can be used to modulate the GR-LRH-1

interaction and mutual antagonism to selectively restore or repress

GR activity and associated GC sensitivity. Furthermore, LRH-1 was

found to be a critical regulator of T-ALL cell proliferation and sur-

vival. Thus, our findings may also have important implications for

the design and development of innovative LRH-1 inhibitor-based

therapeutic approaches to delay leukemia progression and re-

sensitize T-ALL cells towards GCs and possibly also other

chemotherapeutic drugs.

Materials and Methods

Reagents and Tools Table

Reagent/Resource Reference or source Identifier or catalog number

Experimental models

E. coli DH5a for plasmid preparation Previous hosting lab N/A

E. coli Stbl3 for cloning of lentiCRISPRv2 constructs Previous hosting lab N/A

E. coli XL-1 blue supercompetent for cloning of split-YFP constructs Previous hosting lab N/A

Patient-derived xenografts (H. sapiens) B. Bornhauser N/A

CEM-C1 (H. sapiens) ATCC Cat# CRL-2265; RRID:CVCL_3496

CEM-C1 Bcl-2 (H. sapiens) Brumatti et al (2008) N/A

CEM-C1 shcontrol (H. sapiens) This study N/A

CEM-C1 shLRH-1 (H. sapiens) This study N/A

CEM-C7 control KO (H. sapiens) This study N/A

CEM-C7 hGR KO (H. sapiens) This study N/A

CEM-C7-14 (CEM-C7) (H. sapiens) Bornhauser et al (2007) RRID:CVCL_6825

HEK 293H (H. sapiens) Thermo Fisher Scientific Cat# 11631017; RRID:CVCL_6643

HEK 293T (H. sapiens) ATCC Cat# CRL-3216; RRID:CVCL_0063

hTERT-immortalized mesenchymal stroma cells (MSC) (H. sapiens) Mihara et al (2003) N/A

Jurkat (H. sapiens) ATCC Cat# TIB-152; RRID:CVCL_0367

Jurkat shcontrol (H. sapiens) This study N/A

Jurkat shLRH-1 (H. sapiens) This study N/A

MOLT-4 (H. sapiens) ATCC Cat# CRL-1582, RRID:CVCL_0013

MOLT-4 Bim KO (H. sapiens) This study N/A

MOLT-4 control KO (H. sapiens) This study N/A

MOLT-4 GR KO (H. sapiens) This study N/A

MOLT-4 shcontrol (H. sapiens) This study N/A

MOLT-4 shLRH-1 (H. sapiens) This study N/A

NSG mouse strain (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) (M. musculus) The Jackson Laboratory Cat#005557

Recombinant DNA

pcDNA3.1 Myc/His (+) A (pcDNA) Invitrogen V80020

GRE2-tk-luc (GRE) Liden et al (1997) N/A
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Reagents and Tools table (continued)

Reagent/Resource Reference or source Identifier or catalog number

lentiCRISPRv2 Addgene (Sanjana et al, 2014) Cat# 52961

lentiCRISPRv2 gEGFP This study N/A

lentiCRISPRv2 human Bim This study N/A

lentiCRISPRv2 human GR This study N/A

pRSV-Rev Gift from Marco Herold Addgene Cat# 12253

pMDLg/pRRE Gift from Marco Herold Addgene Cat# 12251

pMD2.G Gift from Marco Herold Addgene Cat# 12259

TKpGL3 LRH-1-RE 5x (5xRE) Schoonjans et al (2002) N/A

pGL3 basic (pGL3) Promega Cat# E1751

MISSION® pLKO.1-puro Non-Mammalian shRNA Control Plasmid DNA
(shcontrol)

Sigma-Aldrich Cat# SHC002

NR5A2 MISSION® shRNA Plasmid DNA (shLRH-1) Sigma-Aldrich Cat# SHCLND-NM_003822

pcDNA3.1_YFP1_L_hLRH-1 (YFP1-LRH-1) This study N/A

pDsRed2-N1-GR (dsRed GR) This laboratory (Backbone: Takara Bio Cat# 632406)

pEGFP-LRH-1 This laboratory N/A

pcDNA3.1_hGR (GR) This laboratory N/A

pcDNA3.1_hLRH-1 (LRH-1) This laboratory N/A

pcDNA3.1_bGal (bGal) This laboratory N/A

pcDNA3.1_GR_L_YFP2 (GR-YFP2) This study N/A

pcDNA3.1_YFP1_L_hGR (YFP1-GR) This study N/A

pcDNA3.1-CCR7-YFP2 Gift from D. Legler (Hauser
et al, 2016)

N/A

pcDNA3.1-YFP1-N-term Gift from D. Legler N/A

pEGFP-C1 Clontech N/A (discontinued)

Antibodies

Rabbit mAB anti-Bcl2 Cell Signaling Technology Cat# 2870; RRID:AB_2290370

Rabbit mAB anti-Bim Cell Signaling Technology Cat# 2933, RRID:AB_1030947

Rabbit pAB anti-Caspase3 Millipore Cat# 235412; RRID:AB_2259557

Rabbit pAB anti-Cleaved Caspase 3 Cell Signaling Technology Cat# 9661; RRID:AB_2341188

Rabbit mAB anti-CyclinE1 Cell Signaling Technology Cat# 20808; RRID:AB_2783554

Mouse mAB anti-GFP Roche Cat# 11814460

Rabbit mAB anti-GR Cell Signaling Technology Cat# 12041; RRID:AB_2631286

Rabbit mAB anti-MYC Cell Signaling Technology Cat# 13987; RRID:AB_2631168

Rabbit mAB anti-PARP Cell Signaling Technology Cat# 9532; RRID:AB_659884

Rabbit mAB anti-phospho-AMPK (Thr172) Cell Signaling Technology Cat# 2535; RRID:AB_331250

Rabbit mAB anti-phospho-p38 Cell Signaling Technology Cat# 4631; RRID:AB_331765

Mouse mAB anti-Tubulin Sigma-Aldrich Cat# T5168; RRID:AB_477579

Mouse mAB APC anti-humanCD45 (anti-hCD45) BioLegend Cat# 304011; RRID:AB_314399

Rat mAB Brilliant Violet 510(TM) anti-mouseCD45 (anti-mCD45) BioLegend Cat# 103137; RRID:AB_2561392

Mouse FITC anti-humanCD7 (anti-hCD7) BioLegend Cat# 982704; RRID:AB_2650638

Oligonucleotides and other sequence-based reagents

Primer sequences cloning of split YFP-constructs This study (Metabion) Table EV1

Primer sequences RT-qPCR This study (Metabion) Table EV2

sgRNA sequences This study (Metabion) Table EV3

Chemicals, enzymes and other reagents

Adenosine 5-triphosphate (ATP) Roth Cat# K029.2
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Reagents and Tools table (continued)

Reagent/Resource Reference or source Identifier or catalog number

Co-Enzyme A PJK Cat# 102211

cOmpleteTM, EDTA-free Protease Inhibitor Cocktail (protease inhibitor) Roche Cat# 04693132001

Compound 2 (Cpd2) ChemBridge Corp ID: 7826747

Compound 3d2 (3d2) ChemBridge Corp ID: 16728690

D-Luciferine Na salt (Luciferin) PJK Cat# 102132

DAPI BioLegend Cat# 422801

Dexamethasone Sigma-Aldrich Cat# D4902

DNase I (RNase-free) New England BioLabs Cat# M0303

FastAP Thermosensitive Alkaline Phosphatase Thermo Fisher Scientific Cat# EF0654

FastDigest Buffer (10x) Thermo Fisher Scientific Cat# B64

FastDigest Esp3I (BsmBI) Thermo Fisher Scientific Cat# FD0454

Fluorescein isothiocyanate (FITC)-labeled AnnexinV This study N/A

FluoroshieldTM with DAPI Sigma-Aldrich Cat# F6057

Hoechst 33342 InvitrogenTM Cat# H1399

Lumino Fluka Cat# 09253

Ni Sepharose 6 Fast Flow L GE Healthcare Cat# 17–5,318-01

O-nitrophenyl-b-D-galactopyranoside (ONPG) Roth Cat# CN.22

p-Coumaric acid Sigma-Aldrich Cat# C-9008

Polybrene (Hexadimethrine bromide) Sigma-Aldrich Cat# H9268

Polyethylimine (PEI) Polysciences Cat# P3143

Propidium Iodide (PI) Sigma-Aldrich Cat# P4864

Puromycin.2HCl Enzo Life Sciences Cat# BML-GR312

Restriction enzyme: ClaI New England BioLabs Cat# R0197

Restriction enzyme: EcoRI New England BioLabs Cat# R3101

Restriction enzyme: XbaI New England BioLabs Cat# R0145

Restriction enzyme: XhoI New England BioLabs Cat# R0146

RNA-Solv® Omega Bio-Tek Cat# R6830

RU486 (Mifepriston) TOCRIS Cat# 1479

SR1848 Sigma-Aldrich Cat# SML 1513

T4 DNA Ligase New England BioLabs Cat# M0202

T4 DNA Ligase Reaction Buffer New England BioLabs Cat# B0202S

T4 PNK New England BioLabs Cat# M0201S

TriFastTM VWR Cat# 30–2030

zVAD-FMK Selleck Chemials Llc Cat# S7023

Software

Advanced cell Classifier Misselwitz et al (2010) N/A

AxioVision Software Carl Zeiss Microscopy SE64 Rel.4.8

BD FACSDiva BD Biosciences V6.2

Cell ProfilerTM Broad Institute http://cellprofiler.org/

CRISPR design tool (no longer available) Zhang Lab, Cambridge, MA crispr.mit.edu

FlowJo FlowJo LLC V10.7

ImageJ Wayne Rasband, NIH, US 1.48v

Prism GraphPad Software V6.0

StepOnePlusTM Software Thermo Fisher v2.3

SyngeryFinder web application (V2.0) Ianevski et al (2017) https://synergyfinder.fimm.fi/synergy/
20210603104758451136/
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Reagents and Tools table (continued)

Reagent/Resource Reference or source Identifier or catalog number

ZEN Software Carl Zeiss Microscopy N/A

Other

Gene Pulser/MicroPulser Electroporation Cuvettes, 0.2 cm gap Bio-Rad Laboratories Cat# 1652086

LentiCRISPRv2 target guide sequence cloning protocol Addgene https://media.addgene.org/cms/filer_public/4f/
ab/4fabc269-56e2-4ba5-92bd-09dc89c1e862/
zhang_lenticrisprv2_and_lentiguide_oligo_
cloning_protocol_1.pdf

647 EdU Click Proliferation Kit BD Biosciences Cat# 565456; RRID: AB_2869678

Amaxa® Cell Line Nucleofector® Kit L (MOLT-4) Lonza Cat# VCA-1005

Amaxa® Cell Line Nucleofector® Kit V (Jurkat) Lonza Cat# VCA-1003

CyQUANT Cell Proliferation Thermo Fisher Cat# C7026

Fast SYBR Green master mix Applied Biosystems Cat# 4334973

High capacity cDNA Reverse Transcription Kit Applied Biosystems Cat# 4368814

NucleoSpin Plasmid (no lid), Mini kit for plasmid DNA Macherey-Nagel Cat# 740499

Phusion® High-Fidelity PCR Kit New England BioLabs Cat# M0553

Pure YieldTM Plasmid Midiprep System Promega Cat# A2495

QIAquick Gel Extraction Kit Qiagen Cat# 28706X4

QIAquick PCR Purification Kit Qiagen Cat# 28104

Quick LigationTM Kit New England BioLabs Cat# M2200

Venor®GeM Classic Minerva Biolabs Cat# 11–1050

VolcanoCell 2G RT-PCR 2x Master Mix myPOLS Biotec N/A

AXIO Observer.Z1 Microscope Zeiss N/A

BD LSRFortessaTM cell analyzer (incl. High throughput sampler) BD Biosciences N/A

Image Quant LAS 4000 GE Healthcare N/A

Infinite® 200 PRO series TECAN N/A

Nanodrop 2000 spectrophotometer Thermo Scientific N/A

peQStar 2X Gradient PCR (thermocycler) peQLab N/A

StepOnePlus real- time PCR System Thermo Fisher N/A

Methods and Protocols

Patient-derived xenografts
Patient-derived xenografts (PDX) used in this study were generated

as described (Schmitz et al, 2011) by intrafemoral injection of

1 × 105 to 5 × 106 viable primary ALL cells in NSG (NOD.Cg-

Prkdcscid Il2rgtm1Wjl/SzJ; Charles River, Wilmington, USA) mice. Pri-

mary cells were obtained from patients recruited in ALL-BFM 2000.

Written informed consent had been obtained from all the patients

and the experiments conformed to the principles set out in the

WMA Declaration of Helsinki and were carried out under approval

2014–383 issued by the cantonal ethics commission of the Kanton

Zurich, Switzerland.

Transplanted mice included both male and female animals at the

age of 5–8 weeks. Animals were housed in individually ventilated

cages with access to food and water ad libitum. Leukemia progres-

sion was monitored in the peripheral blood by flow cytometry using

anti-mCD45, anti-hCD45 and anti-hCD7 (BioLegend, San Diego,

USA) antibodies. PDX cells were harvested from the spleen when

engraftment reached 75% in the peripheral blood and subsequently

cryopreserved in 90% FCS (Invitrogen, Waltham, USA)/10% DMSO

(Sigma-Aldrich, St. Louis, USA). In vivo experiments were approved

by the veterinary office of the Canton of Zurich (license number

131/19), in compliance with ethical regulations for animal research.

Cell lines
The human T cell acute lymphoblastic leukemia cell lines (T-ALL)

Jurkat (male), MOLT-4 (male) and CEM-C1 (female) and human

embryonic kidney HEK 293 T cells (female) were taken from a pre-

vious hosting lab and originally purchased from American Type Cul-

ture Collection (ATCC). The parental human T-ALL cell line CEM-

C7-14 (referred to as CEM-C7; female) was described previously by

(Bornhauser et al, 2007) and HEK 293H cells (female) were kindly

provided from Jörg Hartig (Konstanz; purchased from Thermo

Fisher Scientific, Waltham, USA). CEM-C1 cells over-expressing Bcl-

2 as described by (Brumatti et al, 2008) were kindly provided by

Henning Walczak (Cologne, Germany). Cell lines were tested for

mycoplasma contamination using the Venor�GeM Classic kit

according to the manufacturers’ protocol (Minerva Biolabs, Berlin,

Germany). Via 3rd generation lentivirus-mediated introduction of

shRNA or CRISPR/Cas9 constructs and following selection with

1 lg/ml puromycin, stable control (shcontrol) and LRH-1 (shLRH-
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1) knockdown as well as eGFP (control), GR and Bim knockout

(KO) T-ALL cell lines were generated from parental Jurkat, CEM-C1,

CEM-C7 and MOLT-4 cells as described in the following METHOD

AND PROTOCOLS section. Parental as well as genetically modified

T-ALL cells were cultured in Roswell Park Memorial Institute

(RPMI) 1640 and HEK 293T/H in Dulbecco’s Modified Eagle’s

Medium (DMEM). All cell culture media were supplemented with

5% fetal bovine serum (FCS), 2 mM L-glutamine and 50 lg/ml gen-

tamicin (all from Sigma-Aldrich). Cells were grown at 37°C and 5%

CO2 in a humidified atmosphere and passaged every 2–3 days. HEK

293T and HEK 293H cells were passaged at 80–90% confluency and

T-ALL cell line cultures were started at a density of 1 × 105 viable

cells/ml for normal passaging and 3 × 105 viable cells/ml 1 day

prior to experiments or lentiviral transduction. hTERT-immortalized

mesenchymal stroma cells (MSC) were cultured in RPMI (Invitro-

gen) containing 10% FCS (Invitrogen).

Plasmids
The GR luciferase reporter plasmids GRE2-tk-luc (abbreviated GRE)

and LRH-1 luciferase reporter (5xRE) have been described previ-

ously (Liden et al, 1997; Schoonjans et al, 2002). The empty control

vector pGL3 basic was purchased from Promega (Mannheim, Ger-

many). The Myc/6xHis-tagged GR, LRH-1 and bGal expression plas-

mids were generated by cloning human GR, LRH-1 and bGal into a

pcDNA3.1 Myc/His (+) A expression vector (Invitrogen). dsRed-

tagged GR and eGFP-tagged LRH-1 were generated by cloning

human GR and LRH-1 in the pDsRed2-N1 (Takara Bio; Mountain

View, USA) and pEGFP-C1 (Clontech, France; now Takara Bio),

respectively.

Split YFP-tagged constructs for BiFC were obtained by cloning

human GR and LRH-1 sequences into BiFC vectors, kindly provided

by D. Legler (BITg, Kreuzlingen, Switzerland). Split YFP plasmids

(pcDNA3_YFP1-N-Term & pcDNA3_C-term-YFP2) have been previ-

ously described (Nyfeler et al, 2005; Hauser et al, 2016) and are

basically pcDNA3.1 vectors (Invitrogen) containing the YFP frag-

ment 1 (YFP1; amino acids 1–157) or fragment 2 (YFP2; amino acids

158–239) fused to a flexible 10-amino acid (GGGGS)2 linker in their

50 (pcDNA3_C-term-YFP2) or 30 (pcDNA3_YFP1-N-Term) position.

According to the manufacturer’s protocols (New England BioLabs,

Ipswich, USA), pcDNA3_YFP1-N-Term was digested with NotI/XbaI

and pcDNA3_C-term-YFP2 with EcoRI/ClaI, before plasmids were

dephosphorylated using FastAP Thermosensitive Alkaline Phos-

phatase (Thermo Fisher Scientific), run on an agarose gel and subse-

quently purified using the QIAquick Gel Extraction Kit (Qiagen,

Hilden, Germany). Similarly, full-length human GR and LRH-1 were

PCR-amplified using the Phusion� High-Fidelity PCR Kit (New Eng-

land Biolabs) and primer pairs depicted in Table EV1. PCR products

were purified using QIAquick PCR Purification Kit (Qiagen), enzy-

matically digested and gel purified. Digested backbones and inserts

were ligated at a 1:3 ratio using T4 DNA Ligase plus buffer (New

England BioLabs) and via heat shock transformed into XL-1 blue

supercompetent E. coli that were plated to ampicillin-containing LB

agar plates. Single colonies were picked, grown in LB medium and

plasmids purified using NucleoSpin Plasmid Mini kit for plasmid

DNA (Machery-Nagel, D€uren, Germany) were sent for sequencing

(Eurofins Genomics, Konstanz, Germany).

A 3rd generation lentiviral packaging and envelope system con-

sisting of the pMDLg/pRRE, pRSV-Rev and pMD2.G was used for

production of lentiviruses (kindly provided by Marco Herold, Mel-

bourne; Addgene, Watertown, USA). For CRISPR/Cas9-mediated

gene deletion, single guide RNA (sgRNA) sequences (listed in

Table EV3) were designed using the MIT CRISPR design tool (www.

crispr.mit.edu, discontinued). In short, sgRNA oligos targeting eGFP

(control), human GR and Bim were duplexed and phosphorylated

using T4 PNK (New England Biolabs), ligated into the BsmBI-

digested lentiCRISPRv2 backbone (Addgene) and transformed into

Stbl3 E. coli according to the Zhang lab protocol (Sanjana

et al, 2014). Commercially available plasmids for small hairpin

RNA-mediated LRH-1 and control knockdown, NR5A2 MISSION�

shRNA Plasmid DNA (shLRH-1) and MISSION� pLKO.1-puro Non-

Mammalian shRNA Control Plasmid DNA (shcontrol), were pur-

chased from Sigma-Aldrich.

All plasmids were amplified in E. coli DH5a, subsequently puri-

fied using the Promega Pure YieldTM Plasmid Midiprep System, ana-

lyzed using a NanoDrop 2000 spectrophotometer (Thermo Fisher

Scientific) and stored at �20°C.

Transfection
For bimolecular fluorescence complementation and lentivirus pro-

duction, HEK 293T and HEK 293H cells were transiently transfected

using PEI according to the jetPEI� in vitro DNA Transfection Proto-

col (Polyplus-transfection� SA, Illkirch, France). For luciferase

reporter assays, co-localization and co-precipitation experiments

classic calcium phosphate transfection (Kingston et al, 2003) was

used. One day prior to transfection, 2.2 × 106 or 3 × 105 HEK 293T

cells were seeded in 10 cm dishes (10 ml medium) or 6-well plates

(2 ml medium/well). After 24 h, cells were transfected with 2–

20 lg total plasmid, depending on the plate format. To minimize

basal translocation of the GR due to serum steroids or the pH indica-

tor phenol red (Picard & Yamamoto, 1987) during BiFC, luciferase

reporter, co-localization and –precipitation assays, transiently trans-

fected HEK 293T/H cells were cultured in dedicated assay medium.

This was prepared by supplementing phenol red-free DMEM with

5% charcoal-stripped (steroid-free) FCS, 2 mM L-glutamine and

50 lg/ml gentamicin.

For luciferase reporter assays, T-ALL cells were transiently trans-

fected via electroporation. Therefore, Jurkat, MOLT-4 and CEM-C7

cells were first gently washed with PBS (100 g/10 min). Immedi-

ately afterwards, a total of 1.0 × 106 cells per transfection were com-

bined with 4 lg plasmid in total (2 lg YFP1-LRH-1 and 2 lg GR-

YFP-2, 3.6 lg luciferase reporter plasmid and 0.4 lg of bGal plas-

mid) in 100 ll NucleofectorTM Solution V or L (Lonza, Basel,

Switzerland), respectively, and transferred to a Gene Pulser/Micro-

Pulser Electroporation Cuvette (Bio-Rad, Hercules, USA). According

to the manufacturers’ optimized protocol, cells were electroporated

using program X-005 and C-005 on an Amaxa NucleofectorTM 2b

Device (Lonza). Electroporated cells were transferred into a full

RPMI medium and directly distributed to 96-well cell culture plates

at a density of 1 × 106 cells/ml and 2 × 105 cells/well.

Generation of stable LRH-1 knockdown, GR and Bim knockout
T-ALL cell lines
For the production of lentiviruses, 2.2 × 106 HEK 293T cells were

transfected with 5 lg pMDLg/pRRE, 2.5 lg pRSV-Rev and 3 lg
pMD2.G as well as 10 lg lentiCRISPRv2 gEGFP, lentiCRISPRv2

human Bim, lentiCRISPRv2 human GR, MISSION� pLKO.1-puro
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Non-Mammalian shRNA Control Plasmid DNA or NR5A2 MISSION�

shRNA Plasmid DNA. After 24 h, lentiviral particles were harvested

by filtration of the virus-containing medium using a 0.45 lm filter.

One milliliter was added to 2 ml T-ALL cells seeded at 3 × 105 cells/

ml in a 6-well plate. Fresh full DMEM was added to virus-producing

HEK 293T cells and after additional 24 h of virus production, viral

supernatants were similarly harvested and another 1–2 ml added to

the corresponding target cells. To enhance the transduction effi-

ciency polybrene (Sigma-Aldrich) was added at a final concentration

of 4 lg/ml. Starting the next day, successfully transduced T-ALL

cells were selected by culture in full RPMI supplemented with 1 lg/
ml puromycin (Enzo Life Sciences, Lörrach, Germany). After

1 week, the puromycin selection pressure was removed and stable

control (shcontrol) and LRH-1 (shLRH-1) knockdown as well as

eGFP (control), GR (GR KO) and Bim (Bim KO) knockout T-ALL cell

lines were expanded for 3–4 days in standard RPMI, before being

subjected to further experiments. LRH-1 knockdown, GR and Bim

knockout efficiencies were verified by quantitative real-time PCR

(qPCR) and/or immunoblot analysis as described below.

Pharmacological compounds and treatment of cell lines
The LRH-1 antagonist compound 3d2 (ID: 16728690) and corre-

sponding control compound 2 (ID: 7826747) were synthesized

according to the initial publication from Benod et al (2013) by

ChemBridge Corp (San Diego, USA). SR1848 (SML 1513) and dex-

amethasone (D4902) were purchased from Sigma-Aldrich, and

RU486 from Tocris Bioscience (BioTechne, Wiesbaden-Nordenstadt,

Germany; 1479). zVAD-FMK was purchased from Selleck Chemicals

Llc (Houston, USA; S7023). Stock solutions of chemical compounds

were kept as 20 mM Stock solution in DMSO and stored at �20 or

�80°C. Figure legends specify duration of treatments as well as con-

centrations of compounds used for individual experiments.

In vivo treatment
Recipient animals (n = 4 per PDX sample) were transplanted with

1 × 106 PDX ALL cells by tail vein injection. 3 days after transplan-

tation, animals were randomized and treated with either vehicle

(PBS, daily), 40 mg/kg 3d2 in PBS (2× a week), 10 mg/kg Dexam-

ethasone in PBS (daily) or the combination of 40 mg/kg 3d2 (2× per

week) and 10 mg/kg Dexamethasone (daily) for 3 weeks. Leukemia

progression was monitored by flow cytometry of peripheral blood

obtained upon tail vein bleeding using anti-hCD45, anti-hCD7 and

anti-mCD45 (all purchased from BioLegend). Engraftment was cal-

culated by percentage human vs. human plus mouse CD45 positive

cells.

Ex vivo treatment of co-cultured patient-derived xenografts
Primary PDX cells were cultured on hTERT-immortalized primary

bone marrow MSCs in 384-well plates as described previously (Fris-

mantas et al, 2017). MSCs at 2.5 × 103 per well were plated in 30 ll
AIM-V medium 24 h before adding 2 × 104 PDX ALL cells in 27.5 ll
of medium. Compounds were reconstituted in DMSO (10 mM stock

concentrations) and stored at �80°C. Serially diluted drug concen-

trations (3d2: 1–10 lM; dexamethasone: 1–10 lM for Sample 1/3

and 0.0001–1 lM for Sample 2/4; DMSO: solvent control) were pre-

pared using a digital dispenser (D300e Digital Dispenser; Tecan).

After 72 h incubation, cells were viably stained using a CyQUANT

Cell Proliferation kit (Thermo Fisher) and imaged on an

ImageXpress Micro (Molecular Devices, San Jose, US) equipped

with a CoolLSNap HQ camera (Photometrics, Tucson, US) and a 10x

Plan Fluor objective with 0.3 NA (Nikon). Images were processed

using CellProfiler (Broad Institute, Cambridge, USA), and cells were

classified and counted using the Advanced Cell Classifier. Synergis-

tic drug effects were calculated using SynergyFinder tool (Yadav

et al, 2015; Ianevski et al, 2020). Zero interaction potency scores

(Z-scores) equal or greater than zero indicate additivity or syner-

gism whereas Z-scores below zero demonstrate antagonism of 3d2

and Dexamethasone.

BiFC assay
Interaction of the GR and LRH-1 visualized by BiFC was analyzed

by conventional and confocal fluorescence microscopy or flow

cytometric analysis of YFP positive (YFP+) cells. Briefly, HEK

293H (6-well format, 1 lg DNA in total) and Jurkat cells were co-

transfected with YFP1- and YFP2-tagged GR and LRH-1 expression

vectors at a ratio of 1:1. For fluorescence microscopy, transfected

cells were pre-treated for 24 h with 20 lM 3d2 or 5 lM SR1848

followed by treatment with 500 nM dexamethasone for 2 h. DMSO

was used as solvent control. For nuclear counterstain, cells were

incubated with Hoechst 33342 (1 lg/ll) for 20 min at room tem-

perature (RT) and directly afterwards analyzed using either the

epifluorescence microscope Zeiss Axio Observer Z1 (Carl Zeiss

Microscopy, Oberkochen, Germany; filter set 44: excitation filter

BP 475/40, beam splitter FT 500; emission filter BP 530/50) or the

confocal microscope Zeiss LSM 880 equipped with an AiryScan

detector (Carl Zeiss Microscopy; 514 nm argon laser for excitation,

FITC filters/channel). Microscopy images taken with AxioVision or

ZEN Software (Carl Zeiss Microscopy) were processed using

ImageJ (National Institute of Health). For flow cytometric quantifi-

cation of BiFC positive HEK 293H cells, cells were pre-treated with

20 lM 3d2 or 5 lM SR1848 for 6 h, before overnight incubation

with 500 nM dexamethasone or DMSO as solvent control whereas

Jurkat cells were treated for 2, 4 and 6 h with 10 lM dexametha-

sone. Cells were harvested and resuspended in PBS supplemented

with 2% bovine serum albumin (BSA) and 2 mM EDTA. Flow

cytometry was performed using the LSR Fortessa (BD Biosciences)

and the FACS Diva Software (BD Biosciences). Data were analyzed

using FlowJo software (FlowJo LLC).

Co-localization of GR and LRH-1
HEK 293T cells were co-transfected with 2 lg expression vectors

encoding for eGFP-tagged hLRH-1 (pEGFP-hLRH-1a) as well as

dsRed-tagged hGR (hGR-Red2), and 5 × 104 cells were re-seeded on

coverslips one day after (24 well plate). After 24 h, cells were

treated with 500 nM dexamethasone for 90 min, before fixation

using acetone and subsequently covered with DAPI-containing

mounting medium (Sigma-Aldrich). Samples were analyzed using

the Axio Observer with a 20x objective and the following filter sets:

eGFP (LRH-1)—44; dsRed (GR)—15; DAPI (nuclei)—49 and images

were taken and merged using AxioVision Software. Microscopy

images were processed using ImageJ.

Co-precipitation of GR and LRH-1
HEK 293T grown in 10 cm dishes (2.2 × 106 cells) were transiently

transfected with 2 lg expression vectors coding for mh-GR, eGFP-

LRH-1 and/or empty backbone vectors to adjust the total DNA
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content. After 24 h, cells were either treated with 500 nM dexam-

ethasone or DMSO as solvent control for 90 min. Transiently trans-

fected cells were harvested, washed with PBS and incubated for

10 min at RT in 400 ll cytoplasmic protein extraction buffer

(10 mM HEPES, 10 mM KCl, 1 mM DTT, 1% NP-40, protease inhi-

bitor, in H2O; pH 7). After 4 min full speed centrifugation, super-

natants containing cytoplasmic extracts were harvested and the

remaining cellular nuclei were lysed with 400 ll of nucleoplasmic

protein extraction buffer (20 mM HEPES, 500 mM NaCl, 1 mM

DTT, 10% glycerol, protease inhibitor, in H2O) for 30 min at 4°C on

a shaker (1,400 rpm). Nuclear lysates were cleared by centrifuga-

tion (14,000 g, 10 min, 4°C), before 100 ll of cyto- and nucleoplas-

mic supernatants were incubated with PBS-washed Ni2+ sepharose

beads (GE Healthcare, Chicago, USA) for 30 min on a rotating wheel

at RT for binding of the His-tagged GR. After 10 washing steps (1%

Tween, 1 mM imidazole in PBS), 60 ll of 500 mM imidazole in PBS

was added for 15 min at RT resulting in the release of His-tagged

GR and its interaction partners from the beads into the supernatant.

Twenty-four microliter of these His-tag pulldown samples and 16 ll
of nucleoplasmic and cytoplasmic supernatants (input samples)

were subjected to SDS-PAGE and immunoblot analysis as described

below.

Nuclear translocation of the GR
After 2 h treatment with either 10 lM (Jurkat, MOLT-4; CEM-C1) or

1 lM (CEM-C7) dexamethasone (Dexa), cytoplasmatic and nuclear

lysates of 2 × 106 T-ALL cells were prepared (see Co-Precipitation of

GR and LRH-1). Samples were subsequently subjected to standard

immunoblot analysis. Antibodies for PARP and Tubulin were used

as nuclear and cytoplasmatic loading controls, respectively.

Luciferase reporter assay
HEK 293T (6-well plate format), MOLT-4 and Jurkat cells were tran-

siently transfected with reporter plasmids encoding for a luciferase

gene expressed under the control of the GC response element (GRE)

or five copies of the LRH-1 response element (5xRE), as well as

Myc/6xHis-tagged human GR and/or LRH-1, as indicated. Plasmids

were normally used in 1:1 ratios, if not stated otherwise in the figure

legend. Corresponding amounts of empty vectors (pGL3, pcDNA3.1)

were transfected as negative controls and co-transfection with the

bGal expression vector served as an internal transfection control (1/

10 of total protein amount). One day after transfection, HEK 293T

cells were re-seeded to 96-well flat-bottom plates (1.6 × 104 cells/

well) and after 6 h either pre-treated with 1 lM of the GR antagonist

RU486 (1 h) or directly treated with 500 nM dexamethasone, 20 lM
3d2 and/or 5 lM SR1848. Similarly, T-ALL reporter cells were

treated with 5 nM (CEM-C7) or 10 lM dexamethasone (Jurkat,

MOLT-4) and/or 40 lM 3d2 24 h after transfection. After overnight

incubation, reporter cells were harvested by centrifugation and aspi-

ration of the medium, and incubated with 100 ll lysis buffer

(100 mM K2HPO4, 0.2% TritonX-100 in H2O, pH 7.8) for 30–45 min

on ice. Using a luminescent detecting plate reader (Infinite 200 PRO,

Tecan), luciferase activity was assessed by addition of 50 ll adeno-
sine 50-triphosphate (ATP) solution (10 mM ATP, 20 mM MgCl2,

35 mM Glycyl-glycine in H2O) as well as 50 ll luciferin solution

(270 lM Coenzyme-A, 470 lM luciferin, 20 mM MgCl2, 35 mM

Glycyl-glycine in H2O) and bGal activity by adding the 105 ll of the
substrate o-nitrophenyl-b-D-galactopyranoside (ONPG; 0.2 mg/ml

ONPG, 60 mM Na2HPO4*2H2O, 40 mM NaH2PO4*H2O, 10 mM KCl,

1 mM MgSO4*7H2O, 50 mM 2-mercaptoethanol in H2O) to 30 ll
lysate/sample. Luminescence was calculated as relative light units

(R.L.U.) by normalizing light units obtained from luciferase assays

by the OD405nm values obtained from the bGal assay.

Cell count-based proliferation assay
Wild type, stable LRH-1 and control knockdown T-ALL cells were

seeded at a density of 5 × 104 cells/ml. Wild type T-ALL cells were

directly treated with 3 lM dexamethasone, 20 lm 3d2, 1 lM
SR1848 (CEM-C1, MOLT-4) or 4 lM SR1848 (Jurkat). Correspond-

ing amounts of DMSO was added as solvent control. Every 24 h, the

concentration of cells was monitored using a Neubauer hemocy-

tometer.

Flow cytometric analysis of apoptosis and cell cycle
One day prior to experiments, an appropriate number of T-ALL cells

was washed once with PBS and cells were seeded at a density of

3 × 105 viable cells/ml. After seeding 2.5–5 × 104 cells per well of

96-well plates, T-ALL cells were exposed to the indicated amounts of

3d2, Cpd2, SR1848 and/or dexamethasone for 24, 48 or 72 h

(VFinal = 200 ll), and subsequently harvested by centrifugation. For

detection of apoptotic cell death, cells were resuspended in 200 ll
AnnexinV binding buffer (10 mM HEPES, 150 mM NaCl, 5 mM KCl,

1 mM MgCl2, 1.8 mM CaCl2) containing fluorescein isothiocyanate

(FITC)-labeled AnnexinV and stained for 10 min at 4°C. For simple

cell cycle analysis as previously described by Nicoletti et al (1991),

cells were permeabilized and stained (20 min, 4°C) with 100–200 ll
hypotonic propidium iodide (PI) solution (10 lg/ml PI, 0.1%

TritonX-100 in 0.5x PBS). To simultaneously analyze bidimensional

cell cycle distribution (EdU-Alexa647 and DAPI) and apoptosis

(AnnexinV+), cells were stained using the 647 EdU Click Prolifera-

tion Kit (BD Bioscience, San Jose, USA) according to the manufactur-

ers’ protocol. Flow cytometry was performed using the LSR Fortessa

and the FACS Diva Software and 10,000 single cells were recorded

for both apoptosis and cell cycle analysis. Flow cytometric data were

analyzed using FlowJo software. Gating strategy for simultaneous

flow cytometric analysis of cell cycle distribution by EdU/DAPI stain-

ing and cell death by AnnexinV staining: Sideward (SSC) and for-

ward (FSC) scatter blots were used to gate cellular events and

subsequently perform doublet discrimination. AnnexinV histograms

were used to determine the number of apoptotic cells as a percentage

of total cells. Contour blots were used to assess the cell cycle distribu-

tion of AnnexinV negative (AnnexinV�) viable cells based on EdU

incorporation and DNA content (DAPI staining). Synergistic apopto-

sis induction by 3d2 and dexamethasone was calculated using Syn-

ergyFinder tool. The resulting mean, respectively, maximal ZIP score

indicates synergy (ZIP score ≥1), additivity (ZIP score 0–1) or antag-

onism (ZIP score ≤0; Yadav et al, 2015; Ianevski et al, 2020).

RNA extraction and quantitative real-time PCR (qPCR)
For standard qPCR, approximately 2 × 106 T-ALL cells were lysed

using either 1 ml peqGOLD TriFast TriFastTM (VWR, Darmstadt, Ger-

many) or RNA-Solv� (Omega Bio-Tek, Norcross, USA), and RNA

was isolated according to the manufacturers’ protocols. After DNase

I digest (New England Biolabs), a High-Capacity cDNA Reverse

Transcription Kit (Applied Biosystems, Foster City, USA) was used

to reverse transcribe 1–2 lg RNA into complementary DNA (cDNA).
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For probe-based qPCR samples were prepared using Volcano Cell

2G lysis buffer according to the manufacturers’ protocol (myPOLS

Biotec, Konstanz, Germany). For quantification of gene expression

classic and probe-based qPCR was performed using either Fast

SYBR� Green Master Mix (Applied Biosystems) or Volcano Cell 2G

RT-PCR 2x Master Mix (myPOLS Biotec), in a StepOnePlus Real-

time PCR system (Applied Biosystems). Transcript levels were nor-

malized to beta-Actin (b-Actin) and depicted as 2�DCt (DCt = Ct tar-

get gene � Ct b-Actin gene) or presented as fold change to

corresponding controls. All qPCR primer and probe sequences used

in this study are listed in Table EV2.

Immunoblot analysis
For immunoblot analysis, roughly 1–2 × 106 T-ALL cells were seeded

per well of 6-well plates at a density of 2–3 × 105 cells/ml. After

treatment as indicated in the corresponding figure legends, T-ALL

cells were harvested by centrifugation and washed once with ice-

cold PBS before being lysed using RIPA buffer (radioimmunoprecipi-

tation assay buffer; 50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5%

sodium deoxycholate, 1% NP40 in H2O, pH 7.8). Equal amounts of

protein (15–25 lg) were loaded on 12% SDS-PAGE, electrophoreti-

cally separated by size and subsequently transferred onto polyvinyli-

dene difluoride membranes (Roche Diagnostics, Mannheim,

Germany). After overnight incubation at 4°C with primary antibod-

ies, membranes were incubated for 1 h with corresponding horse

radish-coupled secondary antibodies and ECL developing reagent

(2.5 mM Luminol, 0.4 mM p-Coumaric acid, 10 mM Tris, 0.015%

H2O2 in H2O, pH 8.5) was added for imaging using an Image Quant

LAS 4000 (GE Healthcare) for detection of chemiluminescent signal.

PARP, GR, Myc, Cyclin E1, phospho-AMPK, phospho-p38, cleaved

caspase 3, Bim and Bcl-2 antibodies were purchased from Cell Signal-

ing Technology (Danvers, USA). Antibody for detection of GFP was

ordered from Roche and for full-length Caspase 3 from Calbiochem

(Darmstadt, Germany). The antibody for Tubulin, which was used as

loading control, was obtained from Sigma-Aldrich.

Quantification and statistical analysis
For all figures, data are presented as mean � SD of technical or

experimental replicates as indicated in the figure legends. “n” repre-

sents the number of independent experiments performed. Significant

differences were calculated using either paired or unpaired t-test,

one-way or two-way ANOVA using Prism 8 (Graphpad Software).

Differences were considered as significant for P values of *P < 0.05;

**P < 0.01; ***P < 0.001. Statistical details for individual experi-

ments are specified in the corresponding figure legends. Prism 8

was also used to perform linear regression and calculate Pearson’s

correlation coefficients shown in Fig 7D.

Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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