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ARTICLE INFO ABSTRACT

Keywords: Targeting transforming growth factor-p (TGF-p) receptors is a promising pharmacological approach to normalize

BMP aberrant signaling in genetic and non-genetic TGF-p associated diseases including fibrosis, cancer, cardiovascular

Drug development and musculoskeletal disorders. To identify novel TGF-p receptor kinase inhibitors, methods like in vitro kinase

léare disease assays, western blot or transcriptional reporter assays are often used for screening purposes. While these methods

A;:;s;enesis may have certain advantages, the lack of integration of key features such as receptor specificity, high-throughput
capability, and cellular context resemblance remains a major disadvantage. This deficiency could ultimately
hinder the translation of study outcomes into later (clinical) stages of drug development. In this study, we
introduce an adjusted and optimized live cell NanoBRET Target Engagement (TE)-based method to identify TGF-
B receptor specific kinase inhibitors. This comprehensive toolkit contains various TGF-p type I and type II re-
ceptors, with corresponding nanoBRET tracers, and disease-related cell lines, including novel non-commercially
available materials. The nanoBRET capacity and kinase inhibitory window can be significantly enhanced for
functional measurements when stable expression cell lines and substantially low tracer concentrations are used.
In addition, this system can be tailored to study TGF-§ associated genetic disorders and possibly be used to screen
for disease-specific therapeutics. Therefore, the use of this optimized, live cell, antibody-independent nanoBRET
Target Engagement assay is highly encouraged for future high-throughput compound screens targeting TGF-
f/BMP receptors.

1. Introduction As such, high-affinity receptors are different for Activins (ALK4 and

ALK7?), TGF-p;_3 (ALK5), and BMPs (ALK1, ALK2, ALK3 or ALK®6) [6,7].

1.1. Introducing TGF-f signaling in health and disease

Transforming growth factor-p (TGF-f) signal transduction is crucial
for proper tissue development and homeostasis [1]. This broad signaling
pathway consists of more than 30 different ligands, including TGF-p1-3,
Activins, Bone morphogenetic proteins (BMPs) and Growth differenti-
ation factors (GDFs) [2-4]. To exert their biological actions, TGF-f su-
perfamily ligands bind their respective tetrameric serine/threonine
receptor complexes, formed by two type I (i.e. Activin receptor-like ki-
nase (ALK)1-7) and two type Il receptors (i.e. Activin A receptor type [ A
(ACVR2A), ACVR2B, TGF-p Receptor 2 (TGFpR2), BMPR2, or Anti--
Miillerian Hormone Receptor 2 (AMHR2)) (Fig. 1A) [4,5]. TGF-B su-
perfamily ligands show different affinities for their membrane receptors.

In addition, low-affinity complexes are formed too, and the relative
ligand concentration and cellular receptor expression levels are there-
fore important factors to consider. In this regard, soluble antagonists like
Follistatin can reduce ligand availability [8]. Furthermore, co-receptors
(e.g. Betaglycan or Endoglin) can enhance or reduce the formation of
receptor complexes [9]. Downstream mediators of the TGF-p signaling
pathway are the small mothers against decapentaplegic 1-5 and 8
(SMAD1/2/3/5/8). In a canonical setting, receptor-regulated SMADs
(R-SMADs) SMAD2 and -3 are phosphorylated by ALK4, -5 or -7; and
SMAD1, -5, and -8 are phosphorylated by the BMP type I receptors
ALK1, -2, -3, or -6 [10]. Subsequently, these activated R-SMADs form a
trimer with Co-SMAD4 and harbor its transcriptional activity driving
important cellular processes including proliferation and differentiation.
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Negative feedback mechanisms are in place, where for instance SMAD6
and -7 are canonical intracellular inhibitors, directly acting as R-SMAD
decoy and/or recruiting ubiquitin-dependent degradation of R-SMADs
and TGF-f receptors [11,12]. If disturbed, disbalanced TGF-f signaling
can result in a multitude of genetic and non-genetic disorders such as
fibrosis [13,14], cancer [14,15], musculoskeletal disorders [16] and
cardiovascular diseases [14,17].

Targeting TGF-f receptors by small molecule kinase inhibitors is a
well-acknowledged and promising pharmacological approach to treat
many of these TGF-§ associated disorders [18,19]. For example, in the
rare musculoskeletal disorder Fibrodysplasia ossificans progressiva
(FOP), the gain-of-function mutation p.R206H in ALK2 causes hetero-
topic bone formation and kinase inhibitors targeting ALK2 have shown
to be highly effective in pre-clinical models [20,21]. Also, in the car-
diovascular disease Pulmonary arterial hypertension (PAH) a disbalance
in SMAD2/3 over SMAD1/5/8 signaling as a result of e.g. BMPR2
loss-of-function mutations, causes pulmonary vascular remodeling and
right-sided heart failure. Re-balancing this disturbed signaling using
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ALKS5 inhibitors seems an effective therapeutic approach [22,23]. Un-
fortunately, the structural complexity of the TGF-p pathway (containing
highly similar kinase receptors and ligands), promiscuous interactions,
and factors playing numerous pleiotropic functions, causes limited
target engagement, lack of specificity and adverse effects of the drugs
under development. Therefore, we urge for more specific kinase in-
hibitors targeting TGF-p receptors to treat TGF-f related disorders.

1.2. Conventional in vitro methods to study drugs targeting TGF-f
signaling

To screen for relevant drugs targeting TGF-f signaling appropriate in
vitro high-throughput (HTP) methods are needed. Often used in vitro
methods to measure TGF-p signaling in response to drug candidates are
cross-linking based assays, transcriptional reporter systems or western
blot. However, these methods share different limitations. Cross-linking
approaches require radioactive isotopes and specific antibodies, often
with a laborious protocol (especially in high-throughput setting) [24].
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Fig. 1. TGF-f receptor activation does not increase the NanoBRET Target Engagement performance. (A) Type I and type II receptors form heterotetrameric
TGF-p receptor complexes upon ligand binding. TGF-p receptor-NanoLuc fusion proteins act as nanoBRET donor whereas the membrane soluble tracer, acting as
nanoBRET acceptor, can bind the TGF-p receptor kinase and this proximity enables the nanoBRET reaction. The nanoBRET ratio (milliBRET units, mBU) is calculated
upon measuring the excitation values of the luminescent donor (450-80 nm) and fluorescent acceptor (590-20 nm). (B) ALK1-NanoLuc transfected Cos-1 cells were
stimulated with BMP9 (1 ng/ml) for 1 h and subsequent SMAD1 phosphorylation was assessed by western blot. (C) NanoBRET TE using five different tracers (0.1 pM
K-11, 1 upM K-5, 0.5 uM K-14, 0.5 uM PBI6948, and 0.5 uM PBI7394) with or without BMP9 (1 ng/ml) stimulation for 15 min prior to nanoBRET measurement on
ALK1-NanoLuc transfected Cos-1 cells. Duplicates were used per condition. (D) Cos-1 cells were transfected with ALK1-NanoLuc, BMPR2-NanoLuc, or both ALK1- and
BMPR2-NanoLuc and treated with a combination of K-11 (0.1 uM) and PBI7394 (0.15 puM). Subsequently, the cells were treated with and without BMP9 (1 ng/ml) for

15 min whereafter nanoBRET was measured. Duplicates were used per condition.
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Transcriptional reporters, like the TGF-p responsive CAGA- and BMP
responsive BRE-luciferase assays, utilize a protocol that is easier to
follow, but are not receptor specific. Moreover, these assays often
involve cell lysis thus only allowing end-point analysis [25,26]. The
conventional western blot is not TGF-p receptor specific, it also uses
protein lysates and is a low-throughput system, making it is unsuitable
for kinetic high-throughput (HTP) readouts. Therefore, none of these
conventional methods to measure TGF-f signaling seem good candidates
for HTP screenings targeting TGF-p signaling. To study receptor-specific
activity, other conventional approaches include in vitro kinase assays,
surface plasmon resonance assays and (cellular) protein arrays [27,28].
The first two assays involve the purified recombinant kinase domain or
full protein and are therefore easy to scale-up. However, in vitro kinase
assays use high levels of ATP substrate, hence lacking a physiological
environment. Surface plasmon resonance assays can be designed to
mimic some physiological aspects, like a membranous substrate, but still
does not resemble the full cellular complexity [27]. Alternatives to these
methods, harboring the intracellular environment, are the cellular pro-
tein arrays. Some of these have limited throughput (conventional
western blots) while others are more scale-able (sandwich-ELISAs or
reverse protein arrays/dot blots). These assays generally use protein
lysates and antibodies to detect phosphorylation sites of the protein of
interest [29]. Antibody specificity is a major limiting factor, particularly
when these must be raised against many different protein phosphory-
lation sites. In the context of TGF-p signaling, the phosphorylation status
of downstream SMADs is the standard readout for pathway activation.

A hMSCs-ALK2
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Omics approaches (e.g. phospho-proteomics) will overcome these
challenges but brings its own limitations such as costs, scale-ability,
reproducibility and it also complicates the analysis pipeline. Further-
more, the need of protein lysates is not compatible with live cell kinetic
responses, highly important in cellular physiology and pharmacoki-
netics studies. In summary, the main restraints of conventional protocols
are related with: I) the lack of physiological conditions (e.g. by high ATP
levels, isolated recombinant protein (domains), and in vitro setting), II)
no live cell kinetic readout, and no cellular environment to III)
normalize for compound membrane diffusion and/or IV) compound
stability in complex intracellular settings. In screenings aiming to
identify TGF-p signaling modulators, overcoming these drawbacks can
facilitate the (pre-)clinical translation of potential therapeutic hits.
Therefore, there is an urgent need for a method that mimics cellular
complexity, is functionally relevant, and can be measured in
high-throughput to screen for drug candidates targeting specific TGF-p
receptors.

1.3. NanoBRET-based TGF-§3 receptor specific Target Engagement

To be able to address these urgent needs, in this study, a live cell
Bioluminescence Resonance Energy Transfer (BRET) Target Engage-
ment (TE) assay [30] has been optimized, adjusted and improved. This
assay is applicable to a variety of TGF-p receptors, including commer-
cial, non-commercial and newly designed constructs. In addition, the
use of this system in disease relevant settings is shown. This approach
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Fig. 2. The K-11 tracer can inhibit downstream TGF-f signaling, but not at the working concentration of the nanoBRET TE assay. (A) WB showing SMAD1/5
phosphorylation of ALK2-Nanoluc expressing hMSCs pre-treated with titrating concentrations of the K-11 tracer (0.1 — 10 uM) before BMP6 (50 ng/ml) stimulation.
(B) Quantification of the experiment in (A) in triplicates. (C) ALK1, ALK2, or ALK3-Nanoluc expressing hMSCs were pre-treated with 0.5 uM of K-11 before being
stimulated with BMP9 (1 ng/ml), BMP6 (50 ng/ml) or BMP4 (50 ng/ml), respectively. (D) Quantification of the experiment in (C) in triplicates. Significance was
tested by one-way ANOVA with Dunnett’s post-hoc test; ****p<0.0001, **p<0.01, *p<0.05.
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utilizes a NanoLuc [31] luciferase BRET (NanoBRET) donor and a
fluorescent tracer as BRET acceptor. The TGF-f receptor under investi-
gation is cloned into a C-terminus Nanoluciferase (NanoLuc) expression
vector, and overexpressed in cells. Upon addition of the NanoLuc sub-
strate, this enzyme performs as BRET donor. A membrane permeable
tracer with high binding affinity to the receptor kinase domain is used as
BRET acceptor. Target engagement of the compound of interest can be
quantified through test compound competition with the tracer molecule
(Fig. 2A). Here, a comprehensive TGF- receptor specific toolkit
(Table 2) is described, with an optimized protocol to be utilized as a
TGF-p receptor specific kinase inhibitor HTP screening method.

2. Methods
2.1. Cell culture

Cos-1, HEK293t and 2H11 cells were cultured in DMEM (Gibco, cat.
11965092, Thermo Fisher Scientific, Waltham, Massachusetts, USA)
supplemented with 10% Fetal Bovine Serum (FBS) (Biowest, cat. S1810-
500, Bradenton, Florida, USA) and 100 U/mL Pen/Strep. Additionally,
the 2H11 cells were cultured on 0.1% gelatin coated plates. Bone
marrow-derived human mesenchymal stem cells (hMSCs) were cultured
in Alpha MEM (Gibco, cat. 32561094) supplemented with 1 ng/ml bFGF
(Sigma, cat. F0291, St. Louis, Missouri, USA), 10% FBS and Pen/Strep.
All cells were cultured in a CO5 controlled 37 °C incubator. Cell
passaging was performed using standard EDTA/Trypsin incubation.

2.2. Construct cloning and mutagenesis

TGF-f receptor-NanoLuc constructs (pF-32Kp backbone) were pur-
chased from Promega (Madison, Wisconsin, USA) (ALK1-NanoLuc
(NV2391), ALK2-NanoLuc (NV2341), ALK2%?%°H.NanoLuc (NV2381),
ALK3-NanoLuc (NV2471), and ALK4-NanoLuc (NV1021)) or acquired
through collaboration with Promega R&D (ALK5-NanoLuc, TGFfR2-
NanoLuc, ACVR2A-NanoLuc, ACVR2B-NanoLuc, and BMPR2-NanoLuc).
The TGF-f receptor-NanoLuc inserts were subcloned into a lentiviral
PLV-IRES-PURO vector. First, the restriction sites Pstl, AsiSI, Sall and
Xbal were PCR-amplified flanking an eGFP coding sequence and subcl-
oned in the vector using Pstl and Xbal restriction sites. Secondly, the
eGFP was exchanged by the TGF-f Receptor-NanoLuc inserts via AsiSI
and Sall restriction (all restriction enzymes from Thermo Fisher Scien-
tific). Directed mutagenesis was performed using the Phusion site-
directed mutagenesis kit (Thermo Fisher Scientific, cat. F541)
following manufacturer’s protocol. The BMPR2 c.1454A>G mutation
was introduced in the PLV-IRES-PURO_BMPR2-NanoLuc plasmid using
the 5-phosphorylated forward 5-AAGACTGTTGGGGCCAGGATGCA-
GAG-3' and reverse 5-CGATTGTCTCCTTGAGTGACCTCACT-3' primers
set (custom from IDT, Leuven, Belgium).

2.3. Transfections and transductions

Cos-1 cells were plated at 50% confluency in 6-wells plates the day
before transfection for proper adhesion. At the end of the next day, 4 ug
TGF-f receptor-NanoLuc plasmids in 250 uL. DMEM and 8 L PEI (1 mg/
ml) in 250 uL. DMEM were carefully mixed and incubated at room-
temperature for 30 min. Cos-1 cells were refreshed to 1 mL of DMEM
with 10% FBS, whereafter the lipid-DNA solution was added dropwise
and incubated overnight. The next morning, the transfection medium
was substituted with growth medium. Minimal 24 h after transfection,
the cells were used for downstream experiments.

Adherent HEK293t cells at 50% confluency on a 15 cm? culture plate
were transfected with 3rd generation lentiviral helper plasmids (7.5 pg
pMD2g, 11.4 ug pMDLg/pRRE, 5.4 ug pRSV/REV) and the TGF-f
receptor-NanoLuc encoding PLV transfer vector (13.7 pg) with 114 uL
PEI (1 mg/ml) in DMEM. The medium containing the lentiviral particles
was isolated 2 days after transfection and used for subsequent

SLAS Discovery 29 (2024) 100196

transduction experiments.

To generate stable TGF-f} receptor-NanoLuc cell lines, Cos-1 or hMSC
cells were transduced with medium containing the lentiviral particles
encoding the TGF-f} receptor-NanoLuc plasmid of interest. Subsequently,
the transduced cells were selected by 1 ug/ml puromycin (Invivogen,
cat. ant-pr-1, San Diego, California, USA) incubation for two days. These
stable cell lines were used up to 20 passages without any decrease in
NanoLuc-tagged receptor expression levels.

2.4. Western blot

For stimulation experiments, cells were pre-treated for 30 min with a
test compound (LDN-193189, K-11 tracer or DMSO control) before
stimulation with BMP9, BMP6 or BMP4 (All from R&D, cat. 3209-BP-
010, 507-BP-020, 314-BP-010, respectively) for 45 min. Cell lysates
were acquired upon 30-minute incubation on ice with RIPA buffer
supplemented with 1X Protease Inhibitors (Roche, cat. 11836145001,
Basel, Switzerland) and the phosphatase inhibitors sodium fluoride (10
mM, Sigma, cat. 7681-49-4) and sodium orthovanadate (400 uM, Sigma,
cat. S6508). Subsequent protein quantification was performed using the
Pierce BCA protein assay (Thermo Scientific, cat. 23225) following
manufacturer’s protocol. Equal protein samples (10 pg) in Laemmli
Sample Buffer were loaded on 10% polyacrylamide gels for subsequent
SDS-PAGE. Methanol activated PVDF membranes were used for over-
night wet-transfer of the protein gels. The membranes were blocked with
10% milk (Campina, Amersfoort, The Netherlands) in TBS + Tween
(TBST) and incubated with the primary antibody in 5% BSA (Sigma, cat.
05479) in TBST overnight at 4 °C. The primary antibodies used were
phosho-SMAD1/5 (1:1000, Cell Signaling, cat. 9516), SMAD1 (1:1000,
Cell Signaling, cat. 6944), NanoLuc (1:1000, Promega, cat. N7000),
Vinculin (1:1000, Sigma, cat. V9131), or GAPDH (1:1000, Merck Mil-
lipore, cat. MAB374, Burlington, Massachusetts, USA). After a thorough
wash with TBST, the membranes were incubated with secondary anti-
body (1:10000, Anti Mouse-HRP, Promega, cat. W4021 or Anti Rabbit-
HRP, Invitrogen, cat. 31458) in 10% milk-TBST for 2 h at 4 °C. After-
wards, the washed membranes were ECL activated using WesternBright
(Isogen, cat. K12042D20, Utrecht, The Netherlands) and imaged using a
ChemiDoc (Bio-Rad, Hercules, California, USA). Quantification of the
blots was done using densitometry in ImageJ.

2.5. Luciferase reporter assays

Sub-confluent 24-wells plates with Cos-1 cells were transfected
overnight with 200 ng of the BMP responsive BRE-Luciferase reporter
plasmids and 200 ng of the constitutively active (ca-) ALK1, caALK2, or
caALK3 constructs in a 1:2 DNA:PEI (1 mg/ml) ratio [32]. The next day,
the medium was refreshed to DMEM with titrating concentrations of test
compound D (Galapagos NV), LDN-193189 or DMSO vehicle. After 24 h,
the cells were washed and incubated with 160 pL of luciferase lysis
buffer for 30 min on ice. Luciferase activity was measured using the
Luciferase Assay System (Promega, cat. E1501) at 560 nm emission
following the manufacturer’s protocol. The values were normalized to
total protein levels measured using the Pierce BCA assay.

2.6. NanoBRET Target Engagement assays

TGF-p receptor-NanoLuc expressing cells (transient or stable
expression) were seeded on TC-treated white culture plates (Sigma, cat.
CLS3917 for 96-wells or PerkinElmer, cat. 6007680, Waltham, Massa-
chusetts, USA for 384-wells). In 96-wells format, 3*1074 cells were
seeded in 75 uL per well whereas in 384-wells format 1.5%10°4 cells
were plated in 30 pL medium per well (table 1). Phenol red-free Opti-
MEM (Gibco, cat. 11058021) supplemented with 1% FBS was used as
seeding medium to minimize light contamination by phenol red. In the
case of stimulation experiments, cells were seeded on growth medium
and starved overnight by Opti-MEM without FBS. The next day, the
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Table 1

Specific volumes used to perform the TGF-§ Receptor-NanoLuc NanoBRET
TE assays. The 96-wells and 384-wells format NanoBRET TE assay require
different amounts of cells, seeding volume, tracer volume, compound/ligand
volume and Nano-Glo + Inhibitor volume.

Amounts needed for nanoBRET TE 96-wells 384-wells
Cells 3*10°4 1,5*10°4
Seeding volume 75 uL 30 L
Tracer volume (8X) 12.5 uL 5uL
Compound/ligand volume (8X) 12.5 uL 5 uL
Nano-Glo + Inhibitor volume (3X) 33 uL 20 uL

tracer (K-11 (Promega, cat. N2652), K-5 (cat. N2482), K-14 (via Prom-
ega R&D), PBI6949 (via Promega R&D) or PBI7394 (via Promega R&D))
was added by spiking the wells with 12.5 (96-wells) or 5 uL (384-wells)
of 8X concentrated tracer in Opti-MEM (from 100X tracer in tracer
dilution buffer (Promega)) (Table 1). DMSO was used as vehicle control.
All of these tracers were synthesized by Promega as described previously
[33]. Unless otherwise stated, the tracer working concentration is
depicted in Table 2. In the case of compound nanoBRET TE studies, 12.5
or 5 uL of 8X concentrated test compounds (LDN-193189, Staurosporine,
compound A, B, C, D, or DMSO vehicle) were added right after tracer
addition and incubated for 2 h at 37 °C. The test compounds A-D were
supplied by Galapagos NV. For experiments requiring ligand stimula-
tion, BMP9 (R&D systems, cat. 3209-BP-010/CF, Minneapolis, Minne-
sota, USA), BMP6 (R&D, cat. 507-BP-020/CF), or Activin A (R&D, cat.
338-AC-010/CF) ligands were spiked using 12.5 pL (96-wells) or 5 pL
(384-wells) of an 8X concentrated solution in Opti-MEM. The intracel-
lular NanoLuc activity was induced upon incubation with 3X Nano-Glo
TE Substrate and Extracellular NanoLuc Inhibitor (Promega, cat. N2160)
in Opti-MEM. Within 15 min after substrate addition, the plates were
measured with the ClarioSTAR (BMG Labtech, Ortenberg, Germany)
plate reader. The donor and acceptor excitation were measured per well
using 450-80 nm and 590-20 nm filters (BMG Labtech), respectively.
The interval time was set to 1s and the gain to 2500 per optic filter. The
nanoBRET ratio in milliBRET units (mBU) was calculated following Eq.
(1). All values were subtracted by the vehicle (no tracer) control for
background correction.

Table 2

NanoBRET TE toolkit consisting of both commercially and non-
commercially available TGF-§ receptors and tracers. Nearly all constructs
are expressed in CMV-driven pF-32Kp and PLV-IRES vectors, for either transient
or stable setup. This toolkit includes the corresponding tracers, for which the
manufacturer’s recommended concentration (ECso from transient expression in
HEK293 cells) is noted. *Note that part of this toolkit is not commercially
available, acquired in collaboration with Promega’s R&D department or custom
by ourselves.

NanoBRET Transient Mutants Stable Tracers Tracer
toolkit Receptor- Lentiviral concentration
NanoLuc Receptor- (uM)
(pF-32Kp NanoLuc
backbone) (PLV-IRES
backbone)
BMP ALK1 Yes* K-11 0.31
signaling ~ ALK2 ALK2 p. Yes* K-11 0.16
R206H
(FOP)
ALK3 Yes* K-11 0.63
TGFp ALK4 Yes* K-5 2
signaling ALK5* No K-14* 0.5
Type II TGFpR2* Yes* K-11 0.32
ACVR2A* Yes* PBI6949* 1
ACVR2B* Yes* PBI6949* 1
BMPR2* BMPR2 Yes* PBI7394* 0.5
p.
D485G
(PAH)*
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Acceptor (590 — 20nm)

1000 1
Donor (450 — 80nm) )

The half maximal effective concentrations (ECsg) and dose-response
slope fitness were calculated by non-linear regression analysis of the
nanoBRET measures (GraphPad Prism 10). The measures of the dose
response curve experiments were normalized to vehicle (no compound)
control prior to nonlinear regression analysis. The 95% confidence
bands together with the SD of the data points are shown to indicate the
error of the dose response curves. The fitness of the regression model
was quantified using the R squared (R?).

3. Results and discussion

Recently we have utilized nanoBRET Target Engagement (TE) to
investigate potential off-target effects of a newly identified compound
on various TGF-f receptors using commercially and non-commercially
available receptor-NanoLuc constructs (Table 2) [34]. In that study,
we used the standard manufacturer’s protocol. In short, Cos-1 cells were
transfected with the indicated TGF-p receptor-NanoLuc constructs and
incubated for 2 h with the test compounds and the recommended con-
centrations of tracer (Table 2). As anticipated, the positive control ki-
nase inhibitors (LDN-193189 [35] for ALK1/2/3, SB431542 [36] for
ALK4/5, and ML347 for BMPR?2) significantly inhibited the NanoBRET
ratio. However, we believe that this method can be further refined.
Therefore, in this study, we aimed to optimize the method to maximize
the inhibitory window of TGF-p receptor specific nanoBRET Target
Engagement.

3.1. TGF-p receptor activation does not influence the nanoBRET Target
Engagement capacity

In order to optimize and enhance the nanoBRET TE assay, we hy-
pothesized that stimulation with exogenous recombinant TGF-f ligands
may induce the formation of receptor complexes including the Nanoluc-
tagged receptor, thereby mediating its activation. It has been reported
that ligand-induced complex formation induces a conformational
change in the type I receptor which engages the kinase domain [37]. To
test whether nanoBRET Target Engagement can resemble these initial
steps within the sequence of activation of TGF-f family signaling,
ALK1-NanoLuc expressing Cos-1 cells were preincubated with the ALK1
high-affinity ligand BMP9. Because the nanoBRET TE readout is a sur-
rogate for the activation of the TGF-p receptor kinase activation, prior to
SMAD phosphorylation, we decided to measure NanoBRET activity
within 15 min after BMP9 stimulation, instead of 45 min when the peak
of SMAD phosphorylation is evaluated by WB. As expected, incubation
with recombinant BMP9 (1 ng/mL) efficiently induced the phosphory-
lation of the downstream effector SMAD1 (Fig. 1B). Despite this clear
effect of BMP9, no increase in nanoBRET capacity was observed in the
TE assay (Fig. 1C). Next, the response to BMP9 in the presence of
sub-optimal tracer molecules was studied (Fig. 1C) to test whether a
different type of tracer might be able to discriminate between a closed
and open (in the presence of BMP9) conformation of the receptor.
However, no differences were observed among different tracers. To test
the hypothesis that the presence of a given tracer may inhibit kinase
activation and therefore block TE, the K-11 tracer was preincubated at
increasing concentrations prior to ALK2-NanoLuc activation. As shown
in Fig. 2A-B, only very high doses of the tracer partially inhibited TGF-f
signaling. No effect was observed on ALK1, -2, or -3-induced SMAD
phosphorylation using tracer concentrations within the range of the TE
assay working concentration (Fig. 2C-D).

Finally, given that SMAD phosphorylation occurs upon the formation
of a type I and type II receptor complex, cells overexpressing BMPR2-
and ALK1-NanoLuc were stimulated, followed by supplying the cells
with a combinatory tracer mix (0.1 pM K-11 with 0.15 uM PBI7394). A
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slight increase in the NanoBRET ratio was observed when combining
tracers, however, this failed to result in an increased nanoBRET readout
upon BMP9 stimulation (Fig. 1D). Given these results, the NanoBRET TE
kinase assays applied to TGF-p receptors cannot discriminate between an
active or inactive receptor, likely because small tracer molecules are
always accessible to the receptor kinase domain, irrespective of the re-
ceptor’s conformation. Designing larger ATP-like tracers might enable
the detection of active TGF- receptors using nanoBRET TE.

3.2. Stable expression of TGF-f} receptor-NanoLuc constructs in human
MSCs enhances nanoBRET Target Engagement performance

Next, it was determined if lentiviral mediated stable expression of
the Nanoluc-tagged receptors may improve the nanoBRET ratio. No
major difference in expression level was found between the two different
overexpression vectors (both driven by a CMV promoter) when trans-
fecting equal amounts of plasmid (Fig. 3A). Interestingly, the nanoBRET
TE performance was increased in the stable ALK1, ALK2 or ALK3-
NanoLuc expressing cell lines compared to transient expression
(Fig. 3B). Noteworthy, the raw NanoLuc donor luminescence values
were substantially lower in stable expressed lines compared to the
transient overexpressing cells (Fig. 3E). This suggests that high TGF-p

A

ALK1- ALK3- ALK4- TGFBR2-NanolLuc
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receptor-NanoLuc donor activity may hamper nanoBRET TE output,
perhaps due to local tracer saturation or concentration gradients. This
could not be effectively corrected with Nanoluc normalization (by
acceptor-to-donor ratio calculation) and no tracer control subtraction to
exclude the background noise (Fig. 3B and C). Therefore, a careful
titration of the Nanoluc-expressing constructs, or the use of inducible
stable expression vectors is advisable. Interestingly, further increase in
the nanoBRET ratio was observed when stable overexpression of TGF-
receptor-NanoLuc constructs was performed in a different cell-line
(human Mesenchymal Stem Cells; hMSCs) (Fig. 3D). This shows that
(intra-)cellular complexity influences TGF-p receptor TE, perhaps due to
the presence of tracer/receptor competing factors, differences in mem-
brane surface or (extra-)cellular matrix.

3.3. Tracer titration is important to increase the performance of
nanoBRET Target Engagement

Further, ALK2-NanoLuc TE was optimized because of its high
nanoBRET efficiency (Fig. 3D). First, a dose dependent experiment using
the commercially available K-11 tracer was performed, resulting in an
ECs calculation of 0.09 pM (Fig. 4A). Noteworthy, this concentration is
lower than the one recommended in the manufacturer’s instructions

B
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Fig. 3. Stable expression of TGF-f receptor-NanoLuc enhances nanoBRET

Target Engagement performance. (A) ALK1-, ALK3-, ALK4-, and TGFfR2-NanoLuc

constructs in the pF-32Kp and PLV-IRES vectors were transfected in Cos-1 cells and assessed by western blot. (B) NanoBRET TE assays of ALK1-, ALK2- and ALK3-
NanoLuc in transiently and stably overexpressing Cos-1 cells. Duplicates were used per condition. (C) Raw donor values of the TGF-f receptor-NanoLuc expression
levels of the assays shown in (B). (D) NanoBRET TE assays of human mesenchymal stem cells (hMSCs) stably overexpressing ALK1-, ALK2-, and ALK3-NanoLuc.
Quadruplicates were used per condition. Tracer concentrations are depicted in Table 2. Statistics by one-way ANOVA with Siddk’s post-hoc test; *** p<0.001,

% p<0.01.
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11 on ALK2-NanoLuc expressing hMSCs with subsequent nanoBRET TE and ECs, calculations. The dotted lines indicate the 95% confidence bands. The standard
deviations of some values are too low to be properly annotated. Duplicates were used per concentration. The slope fitting and ECs, calculation was done using non-
linear regression analysis (least squares method with variable slope) in GraphPad Prism 10. (B) Reducing the tracer concentrations increases the inhibitory effect of
LDN-193189 (120 nM) in hMSCs expressing ALK2-NanoLuc upon nanoBRET TE. Triplicates were used per condition. The fold reduction is calculated by dividing the
mean of DMSO with the mean of LDN. Statistics by two-way ANOVA tested on the K-11 tracer concentration and the LDN treatment with Sidak’s post-hoc test on the

treatment condition; **** p<0.0001, *** p<0.001.

protocol (ECsg of 0.16 uM, Table 2), which could be explained using our
stable expression setting in hMSCs instead of transient expression in
HEK293 cells. After this observation, the inhibitory window of the assay
was tested in combination with different tracer concentrations (Fig. 4B).
For this experiment, the well-characterized BMP-receptor kinase inhib-
itor LDN-193189 at a low dose (120 nM) was used. Using a tracer con-
centration lower than the tracer ECsy resulted in a more potent
inhibitory effect of LDN-193189 (Fig. 4B; from 2.42 times to 4.73 times
ALK2 nanoBRET inhibition). Unlike in the original setting, the current
optimization allowed us to obtain inhibitory levels for LDN-193189 that
resemble the kinase inhibition pattern observed via SMAD phosphory-
lation or transcriptional reporter assays more accurately. This suggests
that optimizing the optimal tracer concentration for the cell type used
and generating a stable cell line expressing the TGF-f receptor-NanoLuc
of interest is highly recommended.

3.4. NanoBRET Target Engagement is a fast and functional assay for
pharmacological testing and high-throughput screening of kinase inhibitors
targeting specific TGF-f receptors

In order to validate if nanoBRET Target Engagement is a suitable
platform for drug discovery in the search for TGF-p receptor-specific
kinase inhibitors, the activity of LDN-193189 (LDN) was compared
with the non-selective kinase inhibitor Staurosporine. In biochemical
assays, Staurosporine has a Kd of 470 nM and 3700 nM for ALK2 and
ALK3, respectively, with no reported activity on ALK1 [38]. Unlike LDN,
Staurosporine was unable to inhibit ALK1/2/3 target engagement at the
concentrations tested (Supplementary Figure 1), suggesting that this
system can identify molecules binding to the targeted receptor with
enhanced affinity. Next, this method was applied to study four different
investigational test compounds (compounds A-D, provided through the
R&D program from Galapagos NV) using dose-response experiments on
stable ALK2-NanoLuc expressing Cos-1 cells (Fig. 5A). Out of the four
molecules tested, compound D (ECsg of 0.15 uM) is the most potent
inhibitor of ALK2 kinase activity (Fig. 5A and 5C). To reassess the results
obtained using NanoBRET TE with another method in living cells, the
well characterized 2H11 murine endothelial cell line was used. In this
cell line, the BMP6 ligand mainly activates ALK2 signaling [39].
Therefore, BMP6-induced ALK2-downstream SMAD1 phosphorylation
by western blotting was used to confirm the results obtained with
nanoBRET ALK2 TE (Fig. 5A). As observed in Fig. 5B, compound A was
very inefficient in preventing SMAD1 activation, compounds B and C

showed an intermediate activity while compound D was extremely
potent with an almost complete inhibition at 0.082 pM.

Drug specificity testing, by utilizing NanoBRET TE with ALK1, ALK2
and ALK3-NanoLuc (Fig. 5C), showed that in addition to ALK2 com-
pound D also inhibited ALK1 TE (ECsg of 0.34 uM), while ALK3 TE was
only inhibited at high concentrations (ECso of 19.77 uM) (ALK2-
>ALK1>>ALK3). To assess if these ECsq values corresponded with the
often-used quantitative BMP responsive reporter line (BRE-Luc), dose-
response luciferase reporter experiments were performed using com-
pound D on constitutively active (ca-) ALK1, caALK2, and caALK3 co-
expressing Cos-1 cells (Fig. 5D). Although a higher selectivity using
nanoBRET TE compared to BRE-Luc was observed, the range of the ECsg
measures was within the same order of magnitude (0.15 uM versus 0.49
uM on nanoBRET TE and BRE-Luc, respectively). Every method leads to
a slightly different activity measure based on a different readout. Here,
three different cell-based assays were used. Western blotting against
pSMAD1/5 (Fig. 5B) shows inhibition using lower dosages of compound
D compared to our BRE-Luc readout (Fig. 5D), whereas nanoBRET TE
gives a selective measure for receptor inhibition. By using 384-wells
plates, data corresponding to NanoBRET TE experiments (Fig. 5A and
C) was collected within 3 days, in contrast to 3 weeks required to expand
the cell cultures and gather the same amount of data (not all data is
shown) for western blotting, which was more labor intensive. Further-
more, ligand-induced BMP receptor activation is often promiscuous and
lacks complete specificity (although BMP6-ALK2 binding affinity is
high). Due to the competitive origin of the nanoBRET TE assay, a high
dosage (e.g., 10 pM) of the test compounds would be recommended to
acquire potential hits during a compound screen. Subsequently, one can
titrate the hits and validate their potential using SMAD phosphorylation
or reporter lines. In conclusion, the nanoBRET TE assay is fast, high-
throughput and shows functionally relevant to use as a TGF-f receptor
specific kinase inhibitor screening method.

3.5. Mutated TGF-§ receptor-NanoLuc constructs enable disease relevant
studies by utilizing nanoBRET Target Engagement

To further tailor this method for patient-specific purposes, disease
relevant TGF-p receptor-NanoLuc mutants were generated in lentiviral
constructs for a stable expression setup. The ALK2 ¢.617G>A (p.R206H)
construct is commercially available for transient expression. In addition,
the BMPR2 ¢.1454A>G (p.D485G) mutant construct was generated via
site-directed mutagenesis (Fig. 6B), resembling an FOP ALK2 mutant
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Fig. 5. NanoBRET Target Engagement is a fast and functional method to test TGF-f receptor kinase inhibition. (A) Dose response curve of four test com-
pounds (compound A-D) on stable ALK2-NanoLuc expressing Cos-1 cells using NanoBRET TE. Duplicates were used per condition. (B) Immunostaining of SMAD1
phosphorylation after dosing of the four different test compounds and subsequent 1 h BMP6-induced (50 ng/ml) ALK2 activation in 2H11 cells. A high dose of LDN-
193189 (0.5 uM) was used as positive control. (C) Dose response curve of compound D on stable ALK1-, ALK2-, or ALK3-NanoLuc expressing Cos-1 cells assessed by
nanoBRET TE. All nanoBRET ratios were normalized to vehicle controls. The tracer K-11 concentrations were 0.31 pM for ALK1-, 0.09 uM for ALK2-, and 0.63 uM for
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receptor and a BMPR2 mutation observed in Pulmonary Arterial Hy-
pertension (PAH) patients, respectively. FOP is caused by a gain-of-
function mutation harboring ALK2R206H responsive to Activin A [40],
while this is not the case for wild-type ALK2 (Fig. 6A). PAH mutations
are loss-of-function, where the D485G mutation disrupts two hydrogen
bonds at the kinase domain of BMPR2 [41]. Harboring a C-terminal
NanoLuc for TGFBRs, these mutated constructs are effectively expressed

and remain functional, as observed by Activin A-induced SMAD1
phosphorylation in ALK28?°°H.NanoLuc expressing hMSCs (Fig. 6A and
C) [40]. Although diseased SMAD1/5 signaling can be observed by
western blotting, the ALK2*2%%".NanoLuc lines show a similar nano-
BRET TE capacity compared to the wild-type ALK2-NanoLuc (Fig. 6D).
This might be related to the previously discussed high binding efficiency
of the tracer, unable to distinguish between an inactive and an engaged
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function BMPR2°*®5¢ can result in PAH. The ALK2%?*! receptor is prone to Activin A activation while the BMPR2P*8>¢ receptor shows reduced downstream
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BMPR2P#8%C_NanoLuc constructs. (C) Confirmation of diseased SMAD signaling in ALK2R2°".NanoLuc expressing hMSCs. Mutant lines show differential SMAD1/5
phosphorylated upon 1 h of Activin A (50 ng/ml) stimulation compared to controls, assessed by western blot. (D) ALK2R?%H_NanoLuc activation cannot be measured
by NanoBRET TE upon Activin A (50 ng/ml) or BMP6 (50 ng/ml) stimulation. A low dose of LDN-193189 (120 nM) is able to significantly reduce the nanoBRET TE of
the activated receptors. Duplicates were used per condition. (E) NanoBRET TE analyses of mutant ALK2- and BMPR2-NanoLuc constructs with their respective wild-
type controls. The R206H mutation in ALK2 does not show any reduced nanoBRET output, while the D485G kinase mutation in BMPR2 reduces the tracer acces-
sibility compared to the wild-type receptors. Quadruplicates were used per condition. Statistics by one-way (D) or two-way (E) ANOVA with Tukey’s multiple

comparisons test; **** p<0.0001, ** p<0.01.

TGF-f kinase receptor (Fig. 1). In line, the nanoBRET TE capacity could
not be enhanced by stimulating ALK2"T or ALK2F?°®H.NanoLuc cells
with exogenous ALK2 ligands (Fig. 6D). Interestingly, comparing the
wild-type and the diseased BMPR2 construct revealed that the
loss-of-function mutation D485G in PAH reduced the nanoBRET TE
capacity, suggesting an impaired lower tracer accessibility (Fig. 6E). No
difference in expression levels was observed (data not shown). In line,
mutations in the cytosolic domain of BMPR2 have been shown to disrupt
structural stability [41,42]. Importantly, despite this lack of measured
diseased BMPR2P*°C  signaling in this study, this new
BMPR2P*®5C.NanoLuc TE readout may be used to screen for compounds
normalizing the tracer accessibility, hence identifying promising
PAH-specific therapies targeting BMPR2. Alternatively, one could try to
rebalance the disturbed TGF-p signaling to screen for ALK4 inhibitors to
block the aberrant Activin A signaling in PAH [43,44], a similar
approach is currently investigated in clinical studies by treatment of
PAH patients with ACTR2A-Fc (Sotatercept) [45]. In summary, mutated
TGF-f receptor-NanoLuc expressing cells can be used to study diseased
signaling and are suitable in nanoBRET TE setting to screen for disease
specific kinase inhibitors or activators.

In this study, it is shown that NanoBRET Target Engagement is a
promising technique to use as TGF-p receptor specific kinase inhibitor

screening method in a disease relevant setting. The original protocol has
been refined to enhance the TGF-f receptor nanoBRET capacity and
inhibitory window by using a stable expression setup in a different cell
line and reducing the tracer concentration. By testing multiple com-
pounds on different TGF-p receptors it is demonstrated that nanoBRET
TE is a fast, high-throughput and functional assay to study TGF-p re-
ceptor specific kinase inhibitors. Finally, this system can be utilized for
disease-relevant studies by introducing mutations in the TGF-f receptor-
NanoLuc constructs. Thus, this optimized intracellular TGF-§ receptor
specific nanoBRET Target Engagement assay is a functional and
antibody-independent kinase assay highly promising for TGF-f receptor
specific kinase compound screenings improving the lead-to-success rate
due to enhanced methodology. We hope that our research sets the base
for upcoming studies identifying novel TGF-p receptor kinase inhibitors
or activators for the treatment of TGF-f associated disorders.
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