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ABSTRACT

Selectivity profiling is key for assessing the pharmacological properties of multi-target drugs. We have developed
a cell-based and barcoded assay encompassing ten druggable targets, including G protein-coupled receptors
(GPCRs), receptor tyrosine kinases (RTKs), nuclear receptors, a protease as well as their key downstream
pathways and profiled 17 drugs in living cells for efficacy, potency, and side effects. Notably, this multiplex
assay, termed safetyProfiler assay, enabled the simultaneous assessment of multiple target and pathway activ-
ities, shedding light on the polypharmacological profile of compounds. For example, the neuroleptics clozapine,
paliperidone, and risperidone potently inhibited primary targets DRD2 and HTR2A as well as cAMP and calcium
pathways. However, while paliperidone and risperidone also potently inhibited the secondary target ADRA1A
and mitogen-activated protein kinase (MAPK) downstream pathways, clozapine only exhibited mild antagonistic
effects on ADRA1A and lacked MAPK inhibition downstream of DRD2 and HTR2A. Furthermore, we present data
on the selectivity for bazedoxifene, an estrogen receptor antagonist currently undergoing clinical phase 2 trials
for breast cancer, on MAPK signaling. Additionally, precise potency data for LY2452473, an androgen receptor
antagonist, that completed a phase 2 clinical trial for prostate cancer, are presented. The non-selective kinase
inhibitor staurosporine was observed to potently inactivate the two RTKs EGFR and ERBB4 as well as MAPK
signaling, while eliciting stress-related cAMP responses. Our findings underscore the value of comprehensive
profiling in elucidating the pharmacological properties of established and novel therapeutics, thereby facilitating
the development of novel multi-target drugs with enhanced efficacy and selectivity.

1. Introduction

withdrawn/3445 approved, as of 13 August 2024 inquired at the
CheMBL database (https://www.ebi.ac.uk/chembl/visualise/)), adding

Drug development is a long and costly process, easily consuming
more than 10 billion USD per drug within a time frame of 15 years or
more. In addition, drug development suffers from high attrition rates
that become most relevant in the clinical stages where a discontinued
drug causes high financial losses [1,2]. Drugs that are approved by the
United States Food and Drug Association (FDA) or European Medicines
Agency (EMA) and have reached the market may also be withdrawn or
discontinued from production in about 10 % of the cases (308

another twist to attrition [3]. The primary reasons for the discontinua-
tion of a drug are typically safety-related, such as the occurrence of
hepatotoxicity, the abuse of the drug, or a lack of efficacy [4-6]. Attri-
tion occurs when drugs are promiscuous, i.e., when they have detri-
mental off-target effects, and side-effects are too severe [7,8]. Therefore,
understanding the modulatory effects exerted by a drug candidate on
disease-relevant targets and physiological pathways is crucial to develop
better drugs. An assessment of compound effects is particularly
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important for multi-target drugs that are designed to treat complex
diseases, such as cancer and neurological disorders [9,10].

To advance drug discovery and to reduce attrition, four leading
pharmaceutical companies (Pfizer, Novartis, GlaxoSmithKline, and
AstraZeneca) proposed to test whether drugs at the early stage of drug
discovery exhibit off-target effects already in cellulo [10-13]. Such an
early-on control screening of drug candidates is expected to facilitate a
better understanding of a compound’s pharmacological profile by
assessing a compound’s affinity to the desired targets vs. off-targets and
by understanding which pathways vs. off-pathway effects (i.e., toxicity)
are modulated by a compound. As a result, compounds with an appro-
priate pharmacological profile may progress faster to preclinical tests
and possibly clinical trials, with an increased likelihood of reducing
attrition and advancing to approval. The aforementioned four com-
panies compiled a list of the most prevalent drug targets to be subjected
to screening for severe side effects: G protein-coupled receptors
(GPCRs), enzymes (e.g., kinases, in particular receptor tyrosine kinases
(RTKs), proteases, esterases), nuclear receptors, epigenetic modifiers,
ion channels, and transporters [13,14]. The development of multiplex
assays allowed the acquisition of multiple independent readouts from
the same sample. When using molecular barcodes, i.e., short stretches of
nucleotides (DNA or RNA) as reporters for measuring cellular signaling
events, the multiplexing capacity is only limited by the robust
sequencing of the barcodes using next-generation sequencing (NGS)
[15-17]. Barcoded reporter assays have been described for single pro-
tein families, such as GPCRs, for which the activity was measured
through p-arrestin recruitment assays, either based on split TEV protease
(TEVp) [18] or full TEVp [19] approaches, or a cAMP responsive
pathway assay [20]. In addition, we have reported the barcoded
profiling for ERBB receptors, an RTK subfamily [21]. Simultaneously
assessing the activity of various drug target families, including their
effects on central downstream pathways, is expected to improve both
on-target and on-pathway selectivity [13,22-24]. Here, we describe the
development of a multiparametric assay platform, termed safetyProfiler,
to simultaneously profile efficacy and side effects of compounds on
targets from different protein classes and physiological pathways in
living cells. We integrate disease-relevant drug target classes of GPCRs,
RTKs, nuclear receptors, and proteases into one multiplexed cell-based
assay using molecular barcodes as readout. Lastly, we demonstrate the
use of the safetyProfiler assay by profiling approved neuroleptics, anti-
neoplastics that were recently approved or are in the later stages of
clinical trials, and compound candidates that failed in development
programs.

2. Materials & methods
2.1. Plasmids

Open reading frames (ORFs) of nuclear receptors (androgen recep-
tor, (AR), estrogen receptor 1 (ESR1), glucocorticoid receptor (GR,
NR3C1)) were purchased from Plasmid ID Harvard (murine Ar,
MmCD00321218) or the plasmid repository DNASU (human ESR1,
HsCD00000871; human GR, HsCD00651869) and then PCR amplified
using Pwo polymerase (Sigma-Aldrich, 03789403001). PCR products
were recombined into the pDONR/Zeo vector and sequence-verified to
yield entry vectors for Gateway recombination cloning. Ar, ESR1, and
GR entry vectors were then recombined into a GAL4-DNA binding
domain (GAL4-DBD) containing Gateway destination vector
(pBK_GAL4-DBD) to yield GAL4-DBD-Ar, GAL4-DBD-ESR1, and GAL4-
DBD-GR fusions. Other plasmids were previously described, specif-
ically split TEV assay vectors for GPCRs (adrenoreceptor alpha 1A
(ADRA1A), vasopressin receptor 1A (AVPR1A), dopamine receptor D2
(DRD2), serotonin receptor 2A (HTR2A), the split TEV assay GPCR
adapter p-arrestin-2 (ARRB2) fused to the C-terminal fragment of TEVp
(ARRB2-1-383-CTEV) [18] and RTKs (epidermal growth factor receptor
(EGFR), Erb-B2 Receptor Tyrosine Kinase 4 (ERBB4)) [21]. For these
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GPCR and RTK targets, ORFs were fused to the N-terminal fragment of
TEVp (NTEV), a TEVp cleavage site (tcs) and the artificial transcriptional
co-activator GAL4-VP16 (GV) to yield GPCR-/RTK-NTEV-tcs-GV plas-
mids. Likewise, the plasmids encoding the GPCR split TEV assay adapter
B-arrestin-2 (ARRB2) fused to the C-terminal fragment of the TEVp
(CTEV) to yield ARRB2-1-383-CTEV [18], the synthetic RTK split TEV
assay adapter 3xSH2(GRB2) fused to CTEV to yield 3xSH2
(GRB2)-CTEV-2xHA [21], B-secretase 1 (BACEl) and its substrate
Neuregulin-1 fused to GV to yield Nrgl-GV [25], as well as barcoded
reporter constructs with 10x clustered upstream activating sequences
(10xUAS), 6x clustered cAMP responsive elements (CRE), endogenous
promoter region of the human EGR1 gene (EGR1p), 6x clustered nuclear
factor of activated T-cells response elements (NFAT-RE) [26], and 12x
clustered GR response elements (GR-RE) [27] were described before. In
addition, barcoded reporters for AR (8x clustered AR response elements,
AR-RE) and ESR1 (12x clustered ESR1 response elements, ER-RE) were
cloned. The general structure of these plasmids is shown in Fig. S1. All
plasmids used in this study can be found in Table S1. Plasmids are
available from Addgene.

2.2. Chemical reagents

The following commercial compounds were used in this study:
epinephrine (Sigma-Aldrich, E4642), vasopressin (Sigma-Aldrich,
V9879), dopamine hydrochloride (Sigma-Aldrich, H8502), serotonin
hydrochloride (Tocris, 3547), EGF (Sigma-Aldrich, E9644), EGFld
(Sigma-Aldrich, H7660), norgestrel (Cayman Chemical, 10006319),
B-estradiol (Sigma-Aldrich, E2758), dexamethasone (Sigma-Aldrich,
D4902), AG1478 (Selleckchem, S2728), BACE1 inhibitor IV (Cayman
Chemical, 23388), bazedoxifene (Sigma-Aldrich, PZ0018), canrenone
(Santa Cruz, sc-205616), clozapine (Sigma-Aldrich, C6305), DAPT
(Enzo Life Sciences, AXL-270-416-M005), elacestrant (MedChemEx-
press, HY-19822), LE300 (MedChemExpress, HY-103428), LY2452473
(MedChemExpress, HY-114530), mifepristone (Sigma-Aldrich, M8046),
nocodazole (Sigma-Aldrich, M1404), paliperidone (Sigma-Aldrich,
P0099), pyrotinib (MedChemExpress, HY-104065), relacorilant (Sell-
eckchem, E1091), risperidone (Sigma-Aldrich, R3030), spironolactone
(Selleckchem, S4054), staurosporine (MedChemExpress, HY-15141),
tricine (Sigma-Aldrich, T-0377), (MgCOs3)4 * Mg(OH); * 5H50 (Sigma-
Aldrich, M5671), MgSO4 * 7H30 (Ecogen, A6287), EDTA (Thermo
Fisher Scientific, 15575), DTT (Thermo Fisher Scientific, R0862), co-
enzyme A (PJK, 102212), D-luciferin (PKJ, 102112), ATP (PJK,
102261).

2.3. Cell culture

HEK293 (ATCC, CRL-1573), PC12 (Clontech, 631134), T-47D
(ATCC, HTB133) and U20S (HTB96) cell lines were cultured at 37 °C
with 5 % CO» until reaching 80-90 % confluency before being split 1:5
or 1:10 for maintenance. Cells were kept in culture until passage 20.
HEK293 cells were cultured in DMEM containing 4.5 g/L glucose
(Thermo Fisher Scientific, 21969035), supplemented with 10 % FBS
(Thermo Fisher Scientific, A5256801). PC12 cells were grown in DMEM
with 1 g/L glucose (Thermo Fisher Scientific, 11880028), supplemented
with 10 % FBS and 5 % horse serum (Thermo Fisher Scientific,
16050122). T-47D cells were maintained in RPMI 1640 (Thermo Fisher
Scientific, 61870036) containing 500 pg/L h-Insulin (Sigma-Aldrich,
19278) and 10 % FBS. U20S cells were maintained in McCoy’s 5A me-
dium (Thermo Fisher Scientific, 36600088) supplemented with 10 %
FBS. All maintenance media were supplemented with 2 mM GlutaMAX
(Thermo Fisher Scientific, 35050038) and 100 U/mL Penicillin/Strep-
tomycin (Thermo Fisher Scientific, 15140122). For PC12 cells, all sur-
faces were coated with poly-L-lysine (0.02 M) for both maintenance and
experiments. The transfection media for all four cell lines were formu-
lated analogously to the maintenance media, with the exclusion of
penicillin/streptomycin antibiotics. Starvation media for all cell lines
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were supplemented with 1 % dialyzed FBS, except for U20S cells, where
1 % regular non-dialyzed FBS was used. Cell-based assays were per-
formed in starvation conditions.

2.4. Luciferase reporter assays

Cells were seeded into a white 96-well plate (20,000 cells/well for
HEK293, T-47D, and U20S cells; 50,000 cells/well for PC12 cells) and
incubated for 24 h. On the following day, cells were transfected using
lipofectamine 3000. Specifically, plasmid DNA was mixed with P3000 in
a1 pg:2 uL ratio and diluted in OptiMEM. In a second tube, LF3000 was
diluted in OptiMEM in a 1 ug:3 pL ratio. The LF3000/OptiMEM mixture
was shortly vortexed and left 5 mins at the room temperature prior to

ADRA1A DRD2

1. Targets

2. Parallel assays

EGFR ERBB4

AVPR1A HTR2A
/ I I \ [ AR ESR1 GR \
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mixing it with the DNA/P3000 mixture, vortexed, and incubated at
room temperature for 20 minutes. As reference, in assays using only a
reporter plasmid (e.g., nuclear receptor response element, CRE
element), 30 ng per plasmid were transfected per well. In assays using a
plasmid encoding a nuclear receptor and a reporter plasmid, 15 ng of
each plasmid were transfected per well. In GPCR, RTK, and BACE1 as-
says, 10 ng of each a plasmid encoding the target, a plasmid encoding
the adapter or protease reporter, and a reporter plasmid were trans-
fected per well. The pipetting scheme for all luciferase reporter assays
with fixed endpoints of treatment is provided in Table S2. 30 uL of the
transfection mixture was added to each well of a 96-well plate well and
incubated for 2 h at 37 °C in 5 % COg, followed by the addition of 70 pL
of transfection media per well and left for another 22 h at 37 °C with 5 %
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Fig. 1. Concept of the safetyProfiler assay, a comprehensive and multiplexed assay to simultaneously measure activities of multiple protein families and key
downstream signaling pathways. Assays for G protein coupled receptors (GPCRs), receptor tyrosine kinases (RTKs), nuclear receptors, and the protease BACE1 were
conducted in HEK293, PC12, and T-47D cell lines using synthetic barcode reporters for direct activity assays (split TEV assays for GPCRs and RTKs, translocation
assays for nuclear receptors on their response elements (RE), and a BACE1 cleavage assay) and pathways (EGR1p for MAPK/ERK signaling, CRE for cAMP/calcium
signaling, and NFAT-RE for pure calcium signaling). Assay cells are pooled and plated into 48-well plates, where the compounds are tested. Following the cell lysis,
barcodes are extracted, PCR-amplified and sequenced. Sequencing results are analysed and visualized. 10xUAS, 10x clustered upstream activating sequences;

BC, barcode.
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COs. Cells were then serum starved for 24 hours, followed by compound CTEV (for GPCR split TEV assays, Addgene plasmid 194382) and GRB2
treatment. Dose-response assays were conducted at the peak times of (SH2)-CTEV (for RTK split TEV assays, Addgene plasmid 214614), as
stimulation (c.f. Fig. 2 and S2), while profiler optimization and valida- well as the pGL4-10xUAS-MLPmin-luc2 reporter plasmid (Addgene

tion assays were stimulated for 12 h before lysing cells with 30 pL plasmid 194383). Nuclear receptor assays used a plasmid expressing the
Passive Lysis Buffer (PLB) per well. Plates with cellular lysates were nuclear receptor, a blank plasmid for normalizing plasmid amount, and
treated for 10 mins at 300 rpm to guarantee complete lysis. For mea- the 10xUAS-MLPmin-luc2 reporter plasmid. The protease assay con-

surement, 50 pl of a luciferase substrate buffer (20 mM tricine, 1.07 mM sisted of the BACE1 plasmid, the Nrgl-GV substrate plasmid, and the
(MgC03)4 * Mg(OH), * 5H50, 2.67 mM MgS0O4 * 7H20, 100 uM EDTA, 10xUAS-MLPmin-luc2 reporter plasmid. Two replicates were run per
33.3 uM DTT, 270 pM coenzym A, 530 uM ATP, 470 pM D-luciferin) condition. Post transfection, 0.1 % D-luciferin (Promega) was added to

were added. Luciferase activity was measured with Mithras LB 940381 the cell culture medium. The dishes were then placed into a Lumicycle
Microplate Reader (Berthold Technologies) and analyzed using the 32 device (ActiMetrics), which was placed inside an incubator set to 37
software MicroWin2000. °C and 5 % CO2 to monitor luminescence. For analysis, readings from
the first time point after adding a stimulus were subtracted from all

2.5. Live cell luciferase assays subsequent time points, and the replicates were averaged along with
their standard deviations. Since the BACE1l/ Nrgl-GV assay was a

To determine the optimal timing for safetyProfiler assays, either constitutive assay, cells were cultured for 4 h inside an incubator, before
800,000 PC12 cells, or 500,000 HEK293 or T-47D cells were seeded onto the transfection medium was replaced with the starvation medium.
a 3.5 cm dish. The protocol outlined in the luciferase reporter assays Next, dishes were placed into the Lumicycle 32 and luminescence was
section was followed with one modification as 300 ng per plasmid was continuously recorded. The 3.5-cm dishes were always wrapped in
used. Split TEV assays for monitoring the activity of GPCRs and RTKs Parafilm to minimize evaporation. The resulting data were visualized

included plasmids for GPCR/RTK-NTEV-tcs-GV and ARRB2-1-383-  using Excel line charts.
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Fig. 2. Single target assays exhibit an overlapping measurement window of twelve hours after treatment. (A-I) Live cell luciferase assays of single receptor assays
included in the safetyProfiler upon stimulation with their respective ligands. Arrows in light yellow indicate the time point with peak activity, arrows in dark yellow
indicate the response 12 h after the stimulation (for A-I) or dashed box in dark yellow indicates 48-52 h after transfection (for J). Light red and light gray area
represent SD, n = 2. (A) ADRA1A in PC12 cells. (B) AVPR1A in PC12 cells. (C) DRD2 in HEK293 cells. (D) HTR2A in PC12 cells. (E) EGFR in PC12 cells. (F) ERBB4 in
PC12 cells. (G) Ar in T-47D cells. (H) ESR1 in HEK293 cells. (I) GR in HEK293 cells. GPCR and RTK assays were conducted with the split TEV technique and a 10xUAS
luciferase reporter as readout. Nuclear receptors assays were performed with their respective response elements as readout. (J) Live cell luciferase assay of
constitutive BACE1 activity using Nrgl-GV as substrate in HEK293 cells. An assay without transfected BACE1 was used as control. (K) PC12 medium does not affect
assays developed in HEK293 and T-47D cells. Depicted are fold changes of Ar, ESR1, GR, and DRD2 upon stimulation with their respective ligands as well as the fold
change of BACE1-mediated cleavage of Nrgl-GV in regular medium (i.e., HEK293 or T-47D medium), 50:50 mixture of regular medium and PC12 medium, and PC12
medium only. The fold change in the regular medium was set to 100 %. Error bars represent SD, n = 6. Significance was calculated using 1way ANOVA with
Benjamini-Hochberg post-hoc test. n.s., non-significant; p < 0.1, #. (L) PC12, HEK293, and T-47D cell exhibit regular morphology when co-cultured for 48 hours in
PC12 medium. Cells were transiently transfected with fluorescent proteins as shown above images. Scale bar is 500 pm.
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2.6. Fluorescence microscopy

800,000 PC12, 500,000 HEK293, and 500,000 T-47D cells were
seeded in separate wells of a 6-well plate at 37 °C with 5 % CO,, followed
by the transfection with 600 ng of vectors encoding fluorescent proteins
(pEGFP-C1, pMK1344-mTagBFP2-2xNLS, pCherry-C2, for the three cell
lines, respectively) using lipofectamine 3000. Next day, cells were
trypsinized and co-cultured on a poly-L-lysine (0.02 M) coated surface in
DMEM (1 g/L glucose) with 10 % FBS, 5 % horse serum, 2 mM Gluta-
MAX, and 100 U/mL penicillin/streptomycin media. Cells were seeded
in a manner that each cell line covers the equal amount of a dish/well
surface (33.33 % in case of three cell lines, or 50 % in case of two cell
lines). On day two, cells were serum-starved in 1 % dialyzed FBS and
imaged daily for 96 h on a ZEISS Axio Observer.Z1 microscope with a C-
Apochromat 63/1.20 W Corr objective.

2.7. Barcoded multiplex assays

The experiment was performed following the published protocol for
barcoded profiler assays [28], with a few adjustments using three cell
lines and different well formats. First, the number of cells required per
assay was calculated based on the number of conditions and the well
size. The percentage of each cell line required per well was calculated

Epinephrine Vasopressin Dopamine Serotonin EGF
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based on the percentage of assays conducted in the respective cell line to
assess the surface area per well covered by each cell line (e.g., 6/13
assays in PC12 cells, 46.1 % surface area; 5/13 assays in HEK293 cells,
38.5 % surface area; 2/13 assays in T-47D cells, 15.4 % surface area), to
maintain consistency across batches, and to simplify the calculation for
the transfection process. Taken together, this approach ensures a com-
parable distribution of barcode reporters across batches and wells,
preventing overrepresentation or underrepresentation of specific barc-
odes. The reader is advised to note that 13 assays consisted of 10 target
assays and 3 control assays. Therefore, for assays in the 12-well plate
format, 150,000 HEK293 cells, 150,000 T-47D cells, and 450,000 PC12
cells were required per well, calculating for a single cell line per well.
For the 48-well plate format, cell numbers were reduced to 35,000
HEK293 cells, 35,000 T-47D cells, and 112,500 PC12 cells per well, also
calculating cell numbers for a single cell line per well. Plasmids were
transfected into 13 batches of cells using in-solution transfection.
Table S3 summarizes all combinations of barcoded assays conducted,
whereas Table S1 contains the sequences of barcodes used as RNA re-
porters. Specifically, cells were kept in the in-solution transfection
mixture for 2 h at 37 °C with 5 % CO,. The Falcon tube was slightly
tilted, with the lid slightly unscrewed to allow better atmosphere flow.
Cells were then centrifugated at 1000 rpm for 5 min, the transfection
media was aspirated, and the cells were resuspended in 2 mL
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maintenance medium per assay. Resuspended cells were transferred to a
250 mL flask (Sarstedt, 83.1822.003) and the rest of the maintenance
media was added prior to thorough mixing of the bottle to have trans-
fected cells equally distributed. Cells were then either seeded into a
12-well plate (stimulation assay, Fig. 3) with 58,000 HEK293 cells
(calculated as 150,000 cells * 5/13 assays), 23,000 T-47D cells (calcu-
lated as 150,000 cells * 2/13 assays), and 208,000 PC12 cells (calculated
as 450,000 cells * 6/13 assays) per well, or into a 48-well plate
(antagonist assay, Fig. 4) with 13,500 HEK293 cells (calculated as 35,
000 cells * 5/13 assays), 5500 T-47D cells (calculated as 35,000 cells *
2/13 assays), and 52,000 PC12 cells (calculated as 112,500 cells * 6/13
assays) per well for 24 h. On the following day, the medium was
replaced with serum starvation medium (1 % dialysed FBS), followed by
12 h compound treatments. Cells were then lysed by adding 1300 pL
(12-well plate) or 325 uL (48-well plate) Tag&Pool lysis buffer (100 mM
Tris/HCl pH 7.5, 500 mM LiCl, 10 mM EDTA, 5 mM DTT, 1 % LiDS).

2.8. Tagd&Pool procedure for the combined processing of samples

In the Tag&Pool procedure, 24 cell lysates are combined for single-
step purification and processing of barcode reporter RNAs. Secondary
barcodes were added to the lysates at 0.125 pM for annealing at 65 °C
for 15 min to track individual wells. After cooling to room temperature,
lysates from a 12-well plate were pooled with 20 pL of M-PVA OdT2
beads (Chemagen, Cat. No. CMG-231), while lysates from a 48-well
plate were pooled with 10 pL of M-PVA OdT2 beads. Beads underwent
five washes, including one with 100 pL of 1x High-Capacity reaction
buffer (High-Capacity cDNA Reverse Transcription Kit, Thermo Fisher
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Scientific, Cat. No. 4368814). cDNA synthesis was then performed on
the beads in 20 pL of High-Capacity cDNA Reverse Transcription mix at
25 °C for 25 min. Barcoded cDNA was amplified using a forward primer
with the Readl Illumina adapter and a unique molecular identifier
(UMI), and a Read?2 reverse primer for 30 PCR cycles. Illumina indices
and sequencing adapters were added in an additional 10 PCR cycles. The
barcode libraries were pooled equimolarly (2 pM) and sequenced using
paired-end, dual-index sequencing with the NovaSeq 6000 SP Reagent
Kit v1.5 (Illumina GmbH, Cat. No. 20028401 or 20040719). Oligonu-
cleotides used are listed in Table S4.

2.9. Toxicity assay

Elacestrant toxicity was evaluated using the CCK-8 kit (Gerbu Bio-
technik GmbH) according to the manufacturer’s instructions. Cells were
seeded in clear-bottom 96-well plates and treated according to the in-
structions in the section on luciferase reporter assays. Increasing con-
centrations of elacestrant were applied to the cells, along with 10 uL/
well of the CCK-8 solution, and the plates were incubated at 37 °C with
5% CO for 12 h in the dark. Cell viability was assessed by measuring
absorbance at 450 nm using an Epoch Microplate Spectrometer (BioTek
Instruments). The absorbance values were normalized to the untreated
control, set as 1.

2.10. Quantification and statistical analysis

2.10.1. Data analysis
For barcode reporter assays, sequencing reads from each transfected
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batch were normalized to their respective MLPmin sensor cell line
controls (HEK293 assays to MLPmin from HEK293 control batch, PC12
assays to MLPmin from PC12 control batch, T-47D assays to MLPmin
from T-47D control batch) for each biological replicate and condition.
This normalization controlled for technical variables such as cell number
and transfection efficiency while retaining cell-intrinsic effects like
signaling pathway expression [28]. Internal barcode replicates (three for
receptors, one for pathways) were averaged to represent one biological
replicate. For luciferase assays, raw firefly luminescence values were
used. Biological replicates were averaged, and standard errors were
calculated. These averages and errors were then normalized for curve
fitting, ranging from 0 % to 100 % for agonist dose-response assays. For
antagonist treatments and co-culturing medium tests, the lowest com-
pound concentration and the regular culturing medium were set to
100 %, respectively. Dose-response curves were visualized using the drc
package in R. Assay robustness was evaluated using the Z' factor (see
section on statistical analysis), with results for potent inhibitors listed in
Table S5. For heatmaps, log2 transformed fold changes were plotted,
with the smallest compound concentration set to 0. In the luciferase test
of stimuli pool and barcoded viability assays, the control group was set
to 1. All plots were generated using the ggplot2 package in R.

2.10.2. Statistical analysis

The robustness of dose-response assays was assessed using the Z'
factor, which considers both the means and standard deviations of high
and low values [29]. The Z factor is calculated using the formula: Z'=1 -
(3(SDH + SDL) / |meanH - meanL|), where SDH and SDL are the stan-
dard deviations of the high and low values, and meanH and meanL are
the averages of the high and low values. A Z' value of 0.5 or above in-
dicates a robust assay. Statistics for the effect of PC12 medium on assays
developed in HEK293 and T-47D cells was calculated using the rstatix
package, while for CCK-8 assays the emmeans package was combined
with the rstatix package. Significance for both assays was determined
using one-way ANOVA with the Benjamini-Hochberg post hoc test. The
significance of fold changes in luciferase reporter assays and the bar-
coded cell viability assay where only two samples were compared was
calculated using a t-test with the ggpubr package. Barcoded assays were
conducted in triplicates, luciferase reporter and CCK-8 assays in six
replicates, and live cell luciferase assays in duplicates.

3. Results

3.1. Design of a barcoded assay for the safety profiling of compounds on
GPCRs, RTKs, nuclear receptors and protease targets and their signaling
activities

To establish a multiplex assay that measures the efficacy and side
effects of compounds on targets and physiological pathways, we selected
four GPCRs (ADRA1A, AVPRI1A, DRD2, HTR2A); Fig. S1A), two RTKs
(EGFR, ERBB4); Fig. S1B), three nuclear receptors (Ar, ESR1, GR);
Fig. S1C), and one protease (BACE1); Fig S1D) as key drug target classes
to be included in the barcoded profiling assay, termed safetyProfiler
(Fig. 1, step 1, Table 1).

The selection of cell lines was guided by assay performance, with
human cells, particularly HEK293, prioritized whenever feasible. How-
ever, for assays measuring the activity of GPCR targets such as ADRA1A,
AVPR1A, and HTR2A, rat PC12 cells demonstrated superior perfor-
mance compared to U20S cells, another human cell line. Assays con-
ducted in PC12 cells exhibited a higher signal-to-noise ratio, fold
change, and overall robustness, which justified their selection [18].
Likewise, EGFR and ERBB4 assays showed a robust assay performance
with higher fold changes in PC12 cells when compared to HEK293 cells
or U20S cells (Fig. S2A-B). Therefore, we selected PC12 cells for these
five targets. However, when using rat-derived PC12 cells in pharmaco-
logical screens, the user is advised to control for potentially active drug
metabolites on drug efficacy, as rat cells are known to exhibit a rather
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Table 1

Targets and assays used in the safetyProfiler assay. Split TEV assays directly
measure target activity. Pathways assays include MAPK, cAMP, and calcium
signaling.

Target class Receptor Cellline  Type of assays
GPCR ADRA1A PC12 Split TEV, pathway
GPCR AVPR1A PC12 Split TEV, pathway
GPCR DRD2 HEK293 Split TEV, pathway
GPCR HTR2A PC12 Split TEV, pathway
RTK EGFR PC12 Split TEV, pathway
RTK ERBB4 PC12 Split TEV, pathway
Nuclear Ar T—47D NR element, pathway
receptor

Nuclear ESR1 HEK293 NR element, pathway
receptor

Nuclear GR (NR3C1) HEK293 NR element, pathway
receptor

Protease BACE1 HEK293 Cleavage assay on Nrgl-GV,

pathway

high level of xenobiotic metabolism [30].

The activity of each target was monitored directly at the site of action
and at a pathway level to assess downstream physiological effects using
genetically encoded reporter assays (Fig. 1, step 2). The activation of
GPCRs and RTKs at the membrane was measured using the split TEV
protein-protein interaction assay technique [31]. The split TEV assay is
based on the protein-protein interaction induced functional comple-
mentation of two previously inactive TEVp fragments. The NTEV frag-
ment, the TEVp cleavage site (tcs), and the artificial transcriptional
co-activator GV were fused to the C-terminus of a GPCR or an RTK
(see plasmids used in Fig. S1B, C, and Table S1). As interacting protein, a
truncated version of p-arrestin-2 (residues 1-383 of ARRB2) was fused to
CTEV to yield ARRB2-1-383-CTEV (Fig. S1E) for GPCR split TEV
recruitment assays to monitor ligand guided activation of ADRAIA,
AVPR1, DRD2, HTR2A. Similarly, the three times clustered SH2 domain
of GRB2 fused to CTEV to yield 3xSH2(GRB2)-CTEV (Fig. S1F), which
was applied in RTK split TEV recruitment assays to measure the acti-
vation of EGFR and ERBB4. Both of these adapters, ARRB2-1-383-CTEV
and 3xSH2(GRB2)-CTEV, interact stimulus-dependent with GPCRs or
RTKs, respectively. TEVp proteolytic activity liberates the
membrane-trapped GV to induce barcode and firefly reporter gene
transcription via the 10xUAS reporter. The activity of nuclear receptors
was monitored by the cognate receptor response elements each linked to
a unique barcode and firefly luciferase reporter as a readout (AR-RE,
ER-RE, GR-RE; Fig. S1G). Consequently, the ligand induced trans-
location of a nuclear receptor to the nucleus activated the transcription
of the reporter. The protease activity of BACE1, a membrane-spanning
protein, was measured through the release of GV, which was fused to
the C-terminus of neuregulin 1 (Nrgl-GV; Fig. S1H). Nrgl is also a
transmembrane protein and one of the targets of BACE1, thus serving as
substrate for BACEL in this assay [25,32]. As in the split TEV assays,
protease-released GV translocated to the nucleus and bound to the
10xUAS reporter to activate transcription of the barcode and luciferase
reporters (Fig S1I) to capture assay activity. The cellular responses of
target activation were assessed for each target using a set of pathway
sensors that responded to cAMP signaling, calcium signaling, and
mitogen-activated protein kinase (MAPK) signaling (Fig. S1J). While
cAMP signaling was measured with the CRE reporter (also measures
calcium signaling), pure calcium signaling was captured using the
NFAT-RE reporter. MAPK signaling was monitored using the EGR1p
reporter, which specifically monitors the MAPK activity of the ERK1/2
branch [26]. Accordingly, the safetyProfiler assay yielded a total of 40
assays for the ten selected targets, comprising a simultaneous mea-
surement of an activity assay and three pathway assays.

In this safetyProfiler assay, cellular batches each expressing one
target, were pooled and plated together in a single well to conduct
multiple assays in parallel (Fig. 1, step 3). To accomplish this, assay cells
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were separately transfected with plasmids encoding each target and
unique barcode reporters for measuring both the direct activity of re-
ceptors and their regulated downstream pathways. In addition, a
constitutively active minimal major late promoter (MLPmin) was co-
transfected to control batches of cells. Each treatment was applied in
triplicate, while all compounds were administered in eight concentra-
tions at a logarithmic scale (Fig. 1, step 4). Next, cells were lysed, well
barcodes were added to lysates to process 24 samples in one (Tag&Pool,
see Material and Methods). Barcode reporters were extracted from ly-
sates, amplified by two rounds of PCRs, and sequenced using NGS
(Fig. 1, step 5) [18,20]. Multiplexing of barcodes was performed at three
levels. First, barcodes expressed from sensors are first level barcodes.
Second, wells were tagged by well barcodes with a second level barcode.
And third, amplification PCRs were using third level barcodes to enable
further multiplexing of samples. Finally, barcode frequency was quan-
titatively analysed by calibrating them to the internal constitutive con-
trol promoter MLPmin of the control batch, normalized to the
unstimulated control (agonist assays) or the lowest inhibitor concen-
tration (antagonist assays), and visualized (Fig. 1, step 6).

3.2. Establishment of optimal experimental conditions for the parallelized
measurement of disease-relevant target activities and pathways

A key aspect in the development of multiplexed assays for various
targets, particularly for those belonging to different target classes, is the
identification of a suitable time point for analysis following a ligand-
induced stimulation. This is required to enable robust measurement of
activity across all included targets, which can then be used in a multi-
plexed assay. Therefore, we monitored the activity of each target in a
live cell assay using luminescence as a readout. Initially, we conducted
continuous live cell tests for previously established GPCR and RTK split
TEV assays [18,21]. Following ligand stimulation, the peak activities
were observed at 9 h for ADRA1A; 6 h for AVPR1A, HTR2A and EGFR;
10 h for DRD2; and 14 h for ERBB4, thereby confirming our previous
data (Fig. 2A-F). Next, it was key to establish experimental parameters
for protein families previously not tested in a profiler setting, i.e., nu-
clear receptors and a protease target. We assessed whether nuclear re-
ceptor elements responded to their ligands without overexpressing the
nuclear receptor itself (Fig. S2C-E). For AR-RE and GR-RE, we observed
a robust response. For ER-RE, however, no response was observed when
HEK293 cells were treated with p-estradiol, supporting the notion that
ESR1 must be co-expressed to yield a response. Moreover, using the
approach of overexpressing nuclear receptors enabled us to capture any
changes in signaling downstream of a strongly activated receptor, as
observed when overexpressing ERBB4 in PC12 cells and sensitizing the
ERK1/2 signaling response to EGF-like domain (EGFId) [26]. Therefore,
we tested whether co-expressing nuclear receptors together with their
respective response elements generated robust assays, as all tested nu-
clear receptors responded to their respective stimuli (Fig. 2G-I). The
peak activity for Ar, ESR1, and GR was observed at approximately 14 h,
26 h, and 11 h, respectively. Then, we produced dose-response data for
these nuclear receptor assays at their peak time points (Fig. S2F-H). All
the assays showed high affinity to their respective ligands, with ECsg
values in the nanomolar range for Ar and GR, and reaching even a
picomolar value for ESR1. Upon integrating the robustness and peak
performance of all stimulation-based assays tested, it was determined
that the time point at twelve hours following stimulation exhibited a
reasonable measurement window. Earlier time points would have
excluded the ESR1 assay, whereas later time points would have excluded
AVPR1A and HTR2A assays. Accordingly, the duration of the cell culture
phase of the assay was 48-52 h, depending on the length of starvation
(Fig. s2I). The BACEL1 assay is the only assay that was conducted as a
constitutive assay, as protease activity is readily present when the CMV
promoter-driven BACE1 ¢cDNA was constitutively expressed from the
transfected plasmid. The assay showed a stronger response in HEK293
cells persisting approximately 20 h (Fig. 2J) compared to PC12 cells in
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which it lasted approximately 1 h only (Fig. S2J). It peaked in activity at
44 h and at 20 h after transfection in HEK293 and PC12 cells, respec-
tively. Due to the late peak and long duration of protease activity in
HEK293 cells, it was possible to integrate the BACE1 assay with stimu-
lation assays.

Assays for which the establishment has been described above, were
conducted in three different cell lines, namely HEK293, PC12, and T-
47D cells. In a barcoded profiling assay, it was necessary to co-culture
these in the same well using a medium that all three cell lines can
grow in. Since the largest number of assays was developed in PC12 cells
(5 assays, see Table 1), we decided to test whether assays conducted in
HEK293 and T-47D cells were also functional using PC12 medium.
Therefore, HEK293 and T-47D cells transfected with the plasmids
encoding the components of their respective assays (see Table 1) were
plated in either their regular plating condition (i.e., T-47D medium for
T-47D cells, HEK293 medium for HEK293 cells), in a 50:50 mixture of
the regular plating medium and PC12 medium, or in PC12 medium only.
Notably, changing the medium showed no significant effect in any of the
tested assays, justifying the use of PC12 medium for co-cultured multi-
plexed assays (Fig. 2K). To monitor the growth performance of each cell
line in a live cell assay, each cell line was transfected with a unique and
constitutively expressed fluorescent protein as marker (EBFP2 into
HEK293 cells, EGFP into PC12 cells, and mCherry into T-47D cells),
pooled and plated into one well. The culturing of cells in the safe-
tyProfiler assay was conducted for a period of 48-52 h. Therefore, we
needed to ensure that optimal cell culture conditions were maintained
for aa minimum of 52 h. Cells were co-cultured for 96 h and imaged at
24-hour intervals (Fig. S2K). At each time point imaged, all three cell
lines displayed a normal morphology in the co-culture, including at the
critical 48-hour time point (Fig. 2L).

3.3. Activating receptors from various target classes using a pool of stimuli
reflects the combined activation pattern of single agonist treatments

In pharmacological assays, it is essential to have a measurement
window, defined as Z’ factor, that allows capturing either activating or
inhibitory effects [29]. While agonistic effects on receptors can be
monitored in assays simply by adding ligands, effects of antagonists are
measured in co-treatment assays where receptors are simultaneously
stimulated to an ECgy value using their cognate agonists, such as
dopamine stimulating dopamine receptors and serotonin stimulating
serotonin receptors, and so on. To reduce the number of wells and hence
expenses and hands-on-time in multiplex assays, ligands can be pooled
for all tested receptors, rather than stimulating each receptor individu-
ally. To address this, we conducted barcoded dose-response assays both
with single stimuli and an agonist pool. In the single ligand agonist as-
says, GPCR ligands selectively stimulated GPCRs but promiscuity existed
for GPCR ligands among GPCR targets. At the target level, GPCR ago-
nists dopamine and epinephrin activated their cognate targets DRD2 and
ADRAIA at the low micromolar range and showed promiscuity for
activating the other receptor, which is consistent with our previous data
[18] and findings from others [19]. Serotonin activated HTR2A at the
nanomolar range and exhibited an even broader promiscuity, as, in
addition to HTR2A, ADRA1A, AVPR1A, and DRD2 were activated. By
contrast, vasopressin treatment led to the selective activation of
AVPRI1A only, exhibiting a high affinity for its receptor at the low
nanomolar range. We confirmed dose-responses and ECso values of
previously developed GPCR assays (Table S6, Fig. 3A) [18,26]. At the
pathway level, cAMP/calcium, pure calcium, and MAPK sensors were
activated downstream of ADRA1A, AVPR1A, and HTR2A, while MAPK
signaling was unaffected downstream of DRD2. Epinephrine treatment
led to the strongest activation of cAMP/calcium signaling downstream
of ADRA1A among all assays tested. Notably, dopamine and serotonin
treatment also led to the activation of cAMP and calcium signaling
downstream of ADRA1A, supporting the notion of ligand promiscuity.
By contrast, ligands for RTKs and nuclear receptors selectively
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stimulated their cognate targets only, without exhibiting promiscuity.
For EGFR and ERBB4, the two RTKs of the profiling assay, we confirmed
the selective and dose-dependent activation by EGF and EGFld,
respectively. Furthermore, we were able to validate the agonist effect of
EGF and EGFId on the ERK branch of MAPK signaling, which is captured
by the MAPK sensor EGR1p [26]. Notably, EGF treatment led to the
potent activation of MAPK signaling in EGFR and, to a lesser degree, in
other target assays as well as in control assays that did not ectopically
express any target (Fig. S3A). This repeated pattern of signaling
behavior is due to the strong endogenous expression of EGFR in PC12
cells, as stimulated EGFR is known to activate the ERK branch of MAPK
signaling [33]. For the newly developed nuclear receptor assays, ECso
values obtained from the barcoded assays were comparable to the ones
obtained in standard luciferase assays, which served as benchmarking
assays (Fig. S3B-D). The BACE1 protease assay showed no response to
any other tested ligand. Treating the assay cells with the pooled ligands
(see Table S7 for concentrations applied) produced results for each
target assay that were highly similar to those obtained when using single
ligands (compare far right column with pooled ligands to other columns
in Fig. 3A, Fig. S3). In addition, we noticed that the agonist pool showed
some toxicity when ligands were applied at the highest concentration.
Dopamine exhibited some toxicity at single treatments as well, as PC12
and HEK293 cells treated with high concentrations of dopamine
exhibited reduced receptor and pathways activity (e.g., for dopamine at
31 uM and 100 pM). A cellular stress response is indicated by activation
of the CRE response in PC12 cells (e.g., for epinephrin at 31 uM and
100 pM, and norgestrel at 100 uM) (Fig. S3A) [26,34,35]. To solve this
toxicity issue in the antagonist assays, where all ligands were adminis-
tered as pool, we reduced the concentrations of the ligands to the lowest
concentration that was shown to robustly activate GPCRs in cell based
assays (1 uM for all targets) [18] and applying the nuclear receptor
agonists in a low nanomolar range (Table S7). Before a barcoded com-
pound profiling assay was conducted, the efficacy of the agonist pool
with the adjusted ligand concentrations was tested on all receptors
individually using single luciferase assays (Fig. 3B). Fold changes of
stimulation were similar to the barcoded assay and ranged from
approximately 2.5 (Ar, EGFR, ESR1) to 25 (HTR2A, GR), with most of
the assays in a range of approximately 10-15-fold. Importantly,
reducing the concentration of the single ligands in the agonist pool
abolished any toxicity. This fine-tuning of the ligands in the agonist pool
enabled us to use effective concentrations of each ligand and to reduce
the total well number by the factor of nine due to co-administration of
ligands in antagonist assays.

In its presented format, the profiling assay comprised ten targets and
three pathways per target, totaling 40 data points per well. Per target,
we used three barcode reporters for 10xUAS sensors assessing target
activities and one barcode reporter for pathway sensors. In addition,
three control batches of the sensors and included barcoded baseline
controls, the overall amount of 81 barcodes were sequenced per well.
Due to the complexity of the barcodes, the requirement to obtain a
robust read count for each sensor in each well, and the transfection-
based method that was chosen to genetically manipulate the assay
cells, 71,000 cells (13,500 HEK293 cells; 5500 T-47D cells; 52,000 PC12
cells) were required and cultured in a single well of a 48-well plate (see
Methods). Accordingly, sensors with low read counts of less than 150
under baseline conditions were excluded from further analysis.

3.4. Barcoded profiling using the safetyProfiler assay reveals known and
previously uncharacterized properties of approved drugs

Next, we endeavored to challenge the barcoded safetyProfiler assay
to generate profiles of selected drugs and tool compounds that target
receptors that are present in this assay. Therefore, we selected drugs that
target GPCRs (i.e., clozapine, paliperidone, risperidone, and the tool
compound LE300), RTKs (i.e., pyrotinib and the failed drug AG1478
[36]), nuclear receptors (i.e., bazedoxifene, elacestrant, LY2452473,
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relacorilant, mifepristone, and spironolactone), and BACEl (i.e.,
BACElinhibitor IV and DAPT). In addition, we included canrenone, a
metabolite of spironolactone; nocodazole, an anti-mitotic agent target-
ing microtubules; and staurosporine, a broad-band kinase inhibitor. In
total, we profiled 17 drugs with eight increasing concentrations on ten
targets, with four assays per target and three replicates per condition,
yielding 16,320 data points collected for this profiling assay (Fig. 4).

The ERBB family antagonists AG1478 and pyrotinib inhibited both
ligand-stimulated EGFR and ERBB4, albeit with mutual reverse prefer-
ences. While AG1478 preferentially inhibited EGFR over ERBB4 on both
the receptor level and in MAPK signaling, pyrotinib displayed the
reverse pattern, with a preferential inhibition of ERBB4 and downstream
MAPK signaling. These findings for AG1478 and pyrotinib are consistent
with our recent study, thus validating the principle and sensitivity of this
safetyProfiler assay (Fig. 4) [26]. In addition, AG1478 and pyrotinib
showed some promiscuity to GPCRs. AG1478 reduced both HTR2A and
DRD2 activity as well as MAPK signaling downstream of these two
GPCRs, and to a lesser extent, it was similar for ADRA1A and AVPR1A.
Higher concentrations of AG1478 also inhibited calcium signaling
downstream of DRD2 and HTR2A. By contrast, pyrotinib only caused a
substantial inhibition on HTR2A and HTR2A-mediated MAPK2
signaling. Both effects can be explained through HTR2A's interaction
with EGFR signaling [37]. The inhibitory effect on MAPK signaling
downstream of ADRA1A and AVPRIA observed for pyrotinib can be
explained by pyrotinib’s effect on PC12 cells alone, as pyrotinib
inhibited MAPK signaling downstream of endogenous EGFR in these
cells (see condition baseline PC12, Fig. 4).

The atypical antipsychotic clozapine inhibited its renown targets
DRD2 and HTR2A as well as calcium signaling downstream of these two
receptors. The CRE sensor also responded to clozapine treatment, as this
sensor element also captures calcium signaling [26]. Furthermore, clo-
zapine also inhibited, although to a lesser degree, AVPR1A as well as
calcium signaling. Notably, MAPK signaling was inhibited only down-
stream of HTR2A, but neither downstream of DRD2 nor of ADRA1A,
suggesting a receptor-selective antagonism of MAPK signaling for clo-
zapine. The antipsychotic risperidone, and its metabolite paliperidone,
also inhibited ADRA1A, DRD2, HTR2A, and all signaling pathways
measured. Interestingly, the efficacy of both risperidone and paliper-
idone for ADRA1A was higher compared to clozapine (Fig. 5A-C).
Furthermore, risperidone and paliperidone, unlike clozapine, inhibited
MAPK signaling downstream of all three GPCRs, while clozapine
antagonized MAPK signaling only downstream of HTR2A (Fig. 5D-F).
The tool compound LE300 displayed a similar profile like clozapine,
with a high affinity to HTR2A and DRD2, and a rather mild inhibition of
ADRAI1A (Fig. 5G). ADRA1A activity antagonized by LE300 and pal-
iperidone was quantified for the first time. In addition, the downstream
signaling profile for LE300 resembled clozapine’s profile, as cAMP and
calcium signaling was largely antagonized, while MAPK signaling was
not (Fig. 5H). LE300, paliperidone and risperidone regulated MAPK,
cAMP, and calcium signaling downstream of ADRA1A, DRD2, and
HTR2A was quantified for the first time as well.

The nuclear receptor inhibitors bazedoxifene, elacestrant,
LY2452473, and relacorilant were selective for their receptors, i.e.,
bazedoxifene and elacestrant inhibited ESR1, LY2452473 inhibited Ar,
and relacorilant inhibited GR (Fig. 4). Using this safetyProfiler assay, we
were the first to determine an ICsg value for LY2452473 on Ar
(8.565 nM) (Fig. 5I). By contrast, mifepristone displayed promiscuity
among nuclear receptors and antagonized both Ar and GR. Spi-
ronolactone inhibited Ar and, when applied at higher concentrations,
also antagonized activities of GR, ERBB4, ADRA1A, AVPRI1A, and
HTR2A. The inhibition of ERBB4 and HTR2A by spironolactone is in
agreement with our previous studies [26,38]. Canrenone, a metabolite
of spironolactone, showed no inhibition of any target, except for mild
inhibition of Ar and GR when applied at higher concentrations. Inter-
estingly, bazedoxifene was the only nuclear receptor inhibitor to show
an effect on downstream signaling, as MAPK signaling was antagonized
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Fig. 5. The polypharmacology of neuroleptics demonstrates a promiscuous targeting profile and the capacity to discriminate in the inhibition of MAPK signaling.
(A—C) Dose response assays displaying drug selectivity for (A) risperidone, (B) paliperidone, and (C) clozapine on ADRA1A, DRD2, and HTR2A. Activity of the GPCRs
was measured using barcoded split TEV assays. (D-F) Dose response assays displaying drug selectivity for (D) risperidone, (E) paliperidone, and (F) clozapine on
MAPK signaling measured downstream of ADRA1A, DRD2, and HTR2A. MAPK activity was measured by the barcoded EGR1p reporter. (D) Dose-response assay
showing the inhibition of Ar by LY2452473. Activity was measured by AR-RE reporter. E) Dose-response assay showing the inhibition of MAPK signaling downstream
of ESR1 by bazedoxifene. Data was extracted from the heatmap shown in Fig. 4. Error bars represent SEM, n = 3.

by bazedoxifene, with an ICsy of 5.695 nM (Fig. 5J) [39]. Elacestrant
exhibited toxicity to all three cell lines at 10 uM (Fig. 4 and S4A), which
was independently validated using a CCK-8 viability assay (Fig. S4A, B).
The administration of BACE1 inhibitor IV and DAPT resulted in a
reduction of BACE1 activity, with DAPT also exerting a modest effect on
downstream MAPK signaling. Finally, we tested nocodazole, a
microtubule-depolymerizing drug, which had no direct effect on any of
the receptors tested. In addition, staurosporine, a promiscuous kinase
inhibitor, inhibited EGFR and ERBB4, while having a potent effect on all
signaling pathways measured in all three cell lines. Specifically, staur-
osporine inhibited activities of EGFR, ERBB4, and MAPK signaling,
while simultaneously activating calcium and cAMP signaling. The most
pronounced activating effect of this compound was observed on the CRE
sensor in PC12 cells (Fig. S4C), which was confirmed by a luciferase
assay (Fig. S4D). Although not to the same extent as staurosporine, other
drugs (e.g., bazedoxifene, LY2452473, and relacorilant) also activated
cAMP signaling at high concentrations in PC12 cells, presumably due to
cellular stress [26,34,35]. All ICsq values are summarized in Table S8.

4. Discussion

We present a cell-based multiplex profiling assay, termed safe-
tyProfiler, which can simultaneously profile the efficacy, potency, and
side effects of drugs to disease-relevant target molecules and cellular
pathways through a multi-level barcoding approach. In particular, we
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have incorporated targets from diverse target classes and selected a
panel of GPCR, RTKs, nuclear receptors, and a protease as targets in this
assay enabling both the direct quantitative measurement of their ac-
tivity and the simultaneous quantitative assessment of their impact on
MAPK, cAMP, and calcium signaling. The readout for all assays used
transcriptional barcode reporters that were driven by selective genetic
sensors. These sensors either responded to the direct activation of the
targets through GV release activated by split TEV for GPCRs and RTKs,
or by BACE1/y-secretase cleavage of Nrgl-GV as substrate (measured by
a 10xUAS sensor), by activated nuclear receptors localized to the nu-
cleus and binding to their cognate response elements (measured by AR-
RE, ER-RE, and GR-RE sensors), or by MAPK signaling via ERK1/2
(measured by an EGR1p sensor), by cAMP and calcium signaling via
CREB (measured by a CRE sensor), or by sole calcium signaling via NFAT
(measured by an NFAT-RE sensor). Importantly, 40 different activity
measurements for ten targets and three pathways per target were ob-
tained from a single well. This comprehensive array of functional assays
was assessed in the three distinct cell lines, namely HEK293, PC12, and
T-47D cells, all of which were used to facilitate the functionality of a
corresponding target assay. In particular, five assays were conducted in
PC12 cells, four assays in HEK293 cells, and one assay in T-47D cells. As
cell types were pooled and assay cells were stimulated in parallel and
simultaneously lysed, we had to address two critical factors for the
successful establishment of the safetyProfiler assay. First, it was neces-
sary to select an appropriate duration of stimulation time ensuring that
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all target assays exhibited a robust and sensitive response. Assays con-
ducted in PC12 cells and T-47D cells showed a rather fast peak response
compared to assays in HEK293 (note that the protease-assay was
constitutive). Regarding stimulation time, the selected time point at
12 h post stimulation exhibited robust responses to increased concen-
trations of ligands for all targets tested. It is worth noting that admin-
istering nine single ligands as pool was toxic for cells at higher ligand
concentrations. For the ten targets used in this study, this toxicity issue
was solved by administering lower ligand concentrations that still
resulted in efficient activation of each target. However, this could be a
limiting factor when implementing more targets and thus pooling of a
larger number of ligands may be required. A potential solution would be
to divide the pool of stimuli into two sub-pools, which contain a limited
number of ligands only. Second, it was essential to identify an appro-
priate medium for culturing and maintaining the viability of all three
cell lines as well as preserving the functionality of each assay. We found
that the PC12 cell medium was appropriate for the assays and cell types
selected. This is, however, subject to change when either additional
assays or cell types would be included into the multiplex assay.
Furthermore, the implementation of stably expressed targets and
lentivirus-delivered pathway reporters may facilitate an increase in
barcode complexity per well, while simultaneously miniaturizing the
vessel format. These stable human cell lines could therefore streamline
the workflow for this multiplex assay as all cells in the culture will ex-
press targets and barcoded reporters, which should enable a more
relevant and consistent assay, that is both sensitive and cost-effective for
the profiling of drugs.

Using a single human cell line will also ensure a more uniform
metabolic environment and enhance the assay’s translatability to
human biology. This is particularly important due to the well-
established differences in drug metabolism between species [30].
These considerations align with recent guidance on drug metabolite
safety testing, particularly the FDA’s updated metabolites in safety
testing (MIST) guidelines, which emphasize the importance of identi-
fying and characterizing drug metabolites that, while non-toxic, may
still impact the system, especially where disproportionate metabolites
exist [40]. Drug metabolism occurs in three phases: Phase I modifies the
drug through processes such as oxidation, reduction, hydrolysis, and
cyclization/decyclization; Phase II conjugates it for inactivation and
increased water solubility through reactions like methylation, acetyla-
tion, sulfation, glucuronidation, and glutathione conjugation; and Phase
III excretes the conjugates, potentially involving further modification
[41]. HEK293 cells exhibit minimal to wundetectable Phase I
xenobiotic-metabolizing enzymes (XMEs) [42], whereas rat PC12 cells
are metabolically active and express a range of Phase I cytochrome P450
enzymes (CYP1A1, 1A2, 2B1, and 2E1) that respond rapidly to xenobi-
otics like monocrotophos, a widely used organophosphate pesticide
[43]. The presence of these Phase I enzymes in rat cells leads to signif-
icant CYP induction within hours of exposure, resulting in the genera-
tion of reactive oxygen species (ROS), depletion of reduced glutathione,
and upregulation of apoptotic proteins like caspase-3, caspase-9, and
Bax. Interestingly, we also observed CRE activation, indicating cellular
stress at high compound concentrations in PC12 cells, but not in human
HEK293 or T-47D cells (see Fig. 4), potentially reflecting species-specific
metabolic differences. Notably, the cytochrome P450 enzymes from
PC12 cells can influence metabolic processes in HEK293 cells, poten-
tially inactivating compounds and affecting their toxicity [44]. Addi-
tionally, both ROS and the apoptotic proteins may promote apoptosis in
HEK293 cells [45]. While the primary role of XMEs is to detoxify and
eliminate xenobiotics, certain compounds can also become activated
during these processes, particularly in Phase I metabolism [40]. The
differences in drug metabolism between species, particularly in Phase I
with active cytochrome P450 enzymes in rat PC12 cells, but not in
human HEK293 cells, underscore the potential for substantial alter-
ations in drug-induced metabolic outcomes and toxicity, which may
influence our assay results. Employing a normalization approach that
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controls for intrinsic cellular effects like CRE activation by using a cell
line lacking the overexpressed target of interest, could partially resolve
these discrepancies of the safetyProfiler assay in its current setup [28].
However, by transferring the assay platform to human cell lines would
avoid the species-specific metabolites produced by rat-derived PC12
cells, including xenobiotic-metabolizing enzymes, which could other-
wise influence assay outcomes [40,42-45].

The safetyProfiler assay was leveraged to assess the selectivity and
potency of known drugs that antagonize clinically most relevant protein
families, which are typically considered as a target panel when con-
ducting safety profiling, including GPCRs, RTKs, nuclear receptors and a
y-secretase [46]. In addition, we included drugs that do not target any of
the selected protein families (i.e., nocodazole as microtubule depoly-
merizing agent) or are known to be promiscuous and target multiple
receptors within a protein family (i.e., staurosporine inhibiting nearly all
RTKs and kinases in general) to assess the selectivity vs promiscuity.
Notably, all drugs applied exhibited antagonism to their destined target.
Moreover, drugs that showed promiscuity mostly targeted other re-
ceptors within the same protein family. For example, AG1478, an EGFR
antagonist, also inhibited ERBB4, but displayed a clear preference for
EGFR over ERBB4. Conversely, pyrotinib, designed as EGFR/ERBB2
antagonist, displayed a preference for ERBB4 over EGFR. Both findings
were replicated in this dataset [26].

The three neuroleptics clozapine, paliperidone, and risperidone, as
well as the tool compound LE300, exhibited potent inhibition of their
respective GPCR targets and downstream pathways, but also pro-
miscuity to other GPCRs. As in agreement with literature, all four drugs
target DRD2 and HTR2A [47-49]. In addition, clozapine, paliperidone,
and risperidone displayed promiscuity to the adrenergic receptor
ADRAI1A, but showed substantial differences in potency. While pal-
iperidone and risperidone strongly inhibited ADRA1A, clozapine treat-
ment only led to a mild inhibition of ADRAIA and downstream
pathways. These fine-tuned differences in the polypharmacological
profiles of neuroleptics are thought to contribute to the successful
treatment of positive symptoms of schizophrenic patients [50].

The activity of nuclear receptors is tightly connected with multiple
cancer types, as they play oncogenic and/or tumor-suppressive roles
[51]. ESR1 and AR are the two nuclear receptors mostly targeted in
clinical trials [52]. These two nuclear receptors are associated with
reproductive cancers, but also play a role in other cancer types such as
head, neck or lung cancer, hepatocellular carcinoma as well as in the
control of tumor inflammation and immunity [51,53]. Nuclear receptors
are known for their mutual crosstalk, which can be both cooperative and
competitive [51]. One well studied cooperation is between AR and GR,
where they regulate a common subset of genes and GR confers resistance
to antiandrogens, especially in prostate cancer [54]. Conversely, GR
expression in ESR1" breast cancer improves the treatment outcome
[55], while its expression in ESR1™ breast cancer is linked to a low sur-
vival rate [56]. Furthermore, in ESR1T endometrial cancer, GR
co-expression is associated with poor prognosis [57], adding another
layer of crosstalk complexity. In this study, we have profiled the effects
of selected nuclear receptor antagonists that are currently tested in drug
repurposing studies or were approved as single or multi-target drugs in
the treatment of cancer. Mifepristone, a GR antagonist initially approved
for abortion and now in phase 2 clinical drug repurposing trials for
androgen cancers and phase 3 clinical drug repurposing trials for major
depression, displayed a selective antagonistic profile for GR and AR.
Bazedoxifene, an approved menopausal drug currently in phase 2 for
breast cancer, and elacestrant, a recently approved drug against breast
cancer [58] showed selectivity towards ESR1. Bazedoxifene’s antago-
nistic effect was also observed in MAPK signaling. Elacestrant exhibited
the highest toxicity at 10 uM of all compounds tested and in all cell lines
used in our assay. Both LY2452473, an androgen inhibitor that has
completed phase 2 trials for prostate cancer, and relacorilant, a gluco-
corticoid inhibitor currently in phase 2 for prostate cancer, as well as in
phase 3 trials for Cushing’s syndrome and for ovarian, peritoneal and
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fallopian-tube cancer, showed highly selective profiles for their respec-
tive targets, thereby supporting the hypothesis that these drugs will
likely receive market approval. Moreover, we were the first to measure
an ICsg value for LY2452473, providing additional data that supports
the potential for a phase 3 clinical trial for prostate cancer. We also
confirmed the promiscuity of spironolactone, a steroid drug known for
its off-target effects, not only among nuclear receptors (e.g., AR, GR, and
mineralocorticoid receptor) [59-62], but also among other protein
classes as well (e.g., ADRA1A, AVPR1A, HTR2A, and ERBB4) [26,38,
60]. By integrating the safetyProfiler assay into the drug discovery
pipeline, the selectivity profile of potentially promiscuous drugs, such as
steroids, could be assessed faster and at reduced costs, thus accelerating
drug development for complex diseases such as cancer and neuropsy-
chiatric disorders. BACE1 drugs were initially designed as a potential
treatment for Alzheimer’s disease. However, due to the severe side ef-
fects on Notch signaling, the majority of the drugs did not progress to
clinical trials or were discontinued prematurely [63,64]. In our assay,
DAPT and BACEL] inhibitor IV showed a selective inhibitory effect on
BACE1. However, it would be intriguing to examine their impact on
Notch signaling in future studies. Many drugs activated the CRE sensor
in PC12 cells at higher concentrations (e.g., pyrotinib, risperidone,
bazedoxifene, LY2452473, relacorilant, canrenone, and nocodazole),
with staurosporine having the strongest effect even at smaller concen-
trations. Notably, CRE sensor activation by staurosporine was observed
in HEK293 and T-47D cells as well. Since pure calcium signaling, as
measured by the NFAT-RE sensor was not upregulated, and CRE can
respond to both cAMP and calcium signaling cues, this indicates that
cellular stress occurred due to upregulated cAMP signaling, as we have
demonstrated before [26].

5. Conclusion

We have developed a cell-based barcoded profiling assay which in-
tegrates diverse disease-relevant target classes, including GPCRs, RTKs,
nuclear receptors, a protease, and key cellular pathways to evaluate the
selectivity and potency of drugs, as well as potential off target effects.
Using a readout of dynamically expressed barcodes from target and
pathway sensors, the activity of ten targets and three major signaling
pathways were measured in parallel to establish the poly-
pharmacological profiles of 17 drugs, for some of which we identified
novel properties. Taken together, this multiplexed safetyProfiler assay
could pave the way for more informed drug development by providing
highly informative polypharmacological drug profiles, thereby reducing
the rate of drug attrition.
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