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Abstract: Follicle-stimulating hormone receptor (FSHR) plays a key role in reproduction through
the activation of multiple signaling pathways. Low molecular weight (LMW) ligands composed of
biased agonist properties are highly valuable tools to decipher complex signaling mechanisms as they
allow selective activation of discrete signaling cascades. However, available LMW FSHR ligands have
not been fully characterized yet. In this context, we explored the pharmacological diversity of three
benzamide and two thiazolidinone derivatives compared to FSH. Concentration/activity curves
were generated for Gαs, Gαq, Gαi, β-arrestin 2 recruitment, and cAMP production, using BRET
assays in living cells. ERK phosphorylation was analyzed by Western blotting, and CRE-dependent
transcription was assessed using a luciferase reporter assay. All assays were done in either wild-type,
Gαs or β-arrestin 1/2 CRISPR knockout HEK293 cells. Bias factors were calculated for each pair of
read-outs by using the operational model. Our results show that each ligand presented a discrete
pharmacological efficacy compared to FSH, ranging from super-agonist for β-arrestin 2 recruitment
to pure Gαs bias. Interestingly, LMW ligands generated kinetic profiles distinct from FSH (i.e., faster,
slower or transient, depending on the ligand) and correlated with CRE-dependent transcription.
In addition, clear system biases were observed in cells depleted of either Gαs or β-arrestin genes.
Such LMW properties are useful pharmacological tools to better dissect the multiple signaling
pathways activated by FSHR and assess their relative contributions at the cellular and physio-
pathological levels.
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1. Introduction

Follicle-stimulating hormone receptor (FSHR), together with its cognate endogenous
ligand follicle-stimulating hormone (FSH), plays a key role in regulating gametogene-
sis in both female and male reproduction [1,2]. FSHR is a G protein-coupled receptor
(GPCR) made of a large glycosylated extracellular domain (ECD) containing multiple
leucine-rich repeats connected to seven spanning transmembrane (TMD) α-helices joined
together by three extracellular loops and three intracellular loops and terminated by
a C-terminal intracellular tail. The horse-shoe-shaped ECD is prototypical to the gly-
coprotein hormone receptor subfamily where the orthosteric binding site is located [3].
Once activated, FSHR induces a plethora of intracellular mechanisms [4,5], amongst which
are the Gαs/PKA/cAMP [6,7] and extracellular signal-regulated kinase (ERK) pathways [8].
Like most GPCRs, β-arrestin recruitment and binding to FSHR lead to desensitization and
internalization [9] while also assembling signaling modules [10–12]. In addition to Gαs,
FSHR displays coupling promiscuity [13] with Gαq/11 [14] and Gαi [15]. The FSHR/FSH
system is implicated in several reproduction-related pathologies both in women and men.
These include premature ovarian insufficiency (POI), polycystic ovarian syndrome (PCOS),
and male idiopathic infertility. Another severe condition is ovarian hyperstimulation
syndrome (OHSS). Indeed, FSHR is the target of assisted reproductive techniques (ART),
in which ovulation is induced through the injection of FSH preparations in a procedure
called controlled ovarian stimulation. This procedure may lead to OHSS. Despite the fact
that all aforementioned pathologies are well known and clinically described, the active
role of FSHR, as well as the molecular mechanisms causing these disorders, are not en-
tirely known. FSH induces multiple signaling pathways upon FSHR activation, making
it difficult to understand which specific signaling module may be implicated in a specific
pathology. In recent years, a growing body of evidence is highlighting the importance of
dissecting GPCRs signaling pathways for two main reasons. (1) In many cases, a particular
GPCR-associated pathology is driven by a specific signaling pathway, and (2) current drugs
are balanced agonists that result in both beneficial and unwanted side effects. We believe
that having molecules capable of biasing signaling at the FSHR constitutes an important
pharmacological tool to understand the specific FSHR signaling pathway contributing to
pathologies (such as POI, PCOS) as well as to develop new generation drugs devoid of the
adverse side effects of current clinical treatments (OHSS) [16].

Accumulating structural, biophysical, and pharmacological evidence has transformed
our understanding of GPCR activation and pharmacological modulation. The fact that
multiple active and inactive receptor conformations co-exist is supported by overwhelming
structural and biophysical evidence [17–19]. Consequently, efficacy is now considered
multi-dimensional and explicitly incorporates the notion that receptors can engage distinct
subsets of their full signaling repertoire [20]. This implies that different subsets of conforma-
tions can be stabilized by different ligands with distinct transduction mechanisms. This is
the concept of pharmacological bias [21–23]. This class of ligands can modulate signaling in
the presence (positive/negative allosteric modulators) or in the absence (allosteric agonists)
of the endogenous ligand. Importantly, synthetic allosteric modulators of GPCRs can also
lead to pharmacological bias [24,25]. It is also established that ligand bias must be set apart
from system bias or observational bias [26].

To date, different classes of low molecular weight (LMW) molecules capable of
modulating FSHR have been identified [27,28], including negative allosteric modula-
tors (NAMs) [29,30] and agonist/positive allosteric modulators (PAMs) [31–34]. Small
molecules have also been reported to behave as competitive antagonists [35–37]. Of par-
ticular interest to this study, thiazolidinone derivatives were the first chemical molecules
identified by combinatorial screening to specifically activate FSHR with no cross-reactivity
with the other glycoprotein hormone receptors [38]. Thiazolinidone derivatives did not
compete with radiolabeled FSH for binding to FSHR, suggesting an allosteric mode of
action. Moreover, slight changes in their side chains switched FSHR-coupling from Gαs to
Gαi [39]. However, bias factors were not determined. Compound 5 (renamed T1 thereafter)
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was able to induce preovulatory follicular development in immature rats but was not
further pursued due to unfavorable pharmacokinetic parameters [32]. A separate class of
ligands was identified through structure-activity relationship studies on substituted benza-
mides. Candidates capable of enhancing FSHR-mediated responses in the presence of EC20
of FSH, with no cross-reactivity with luteinizing hormone choriogonadotropin receptor
(LHCGR) or thyroid stimulating hormone receptor (TSHR), were identified [33]. This class
of ligands has not been studied yet for their ability to activate FSHR in the absence of FSH.
Interestingly, we recently reported that two chemically distinct LMW agonists belonging
to these two chemical classes (i.e., benzamide, termed B3, and thiazolidinone, termed T1)
were capable of pharmacologically programming endosomal signaling and post-endocytic
trafficking of the FSHR [40]. In the present study, we systematically explored the ability
of four LMW allosteric ligands belonging to these two chemical classes (i.e., B1, B2, B3,
and T1, Figure 1) to induce biased signaling at the FSHR in the absence of FSH.
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T1 is a Thiazolidinone derivative, and T2 is an antagonist obtained by chemically modifying T1.

2. Results
2.1. Diversity in the Recruitment of G Proteins, β-Arrestin 2, and in cAMP Production

We first assessed the specificity of the effects mediated by B1, B2, B3, and T1.
Mock transfected HEK293 cells treated with either LMW ligand or FSH showed no cAMP
response, while forskolin led to a significant increase in cAMP (Supplementary Figure S1A).
In HEK293 cells expressing FSHR, cAMP response induced by either FSH or LMW ligands
could be antagonized using a previously validated antagonist (T2, Figure 1; Supplementary
Figure S1B–F) [39]. We next analyzed the recruitment of Gαs, Gαq, Gαi, and β-arrestin 2 to
FSHR using Bioluminescence Resonance Energy Transfer (BRET). This technique allows
monitoring protein-protein interaction by virtue of changes occurring in the energy transfer
between a donor (Renilla luciferase) and an acceptor (fluorescent protein) when both are
close enough (~10–100 angstroms) to generate a signal. Additionally, we assessed cAMP
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production using an intramolecular BRET sensor (both the donor and the acceptor are fused
to a cAMP binding domain) that undergoes a conformational change, hence BRET change,
upon cAMP binding. HEK293 cells expressing FSHR were challenged with increasing
concentrations of FSH or LMW ligands over a 30 min period. Kinetics were generated for
each concentration (Supplementary Figure S2), and the area under the curves was plotted
as a concentration/activity sigmoid (Figure 2). We normalized each concentration/activity
curve with respect to the FSH maximal response, as described in the materials and meth-
ods. As shown in Figure 2, LMW ligands displayed distinctive pharmacological profiles.
Overall, small molecules were significantly less potent compared to FSH in all assays,
as shown by the EC50 comparison (Supplementary Table S1). Interestingly, B3 and T1
displayed significantly higher Emax than FSH for the Gαs and Gαi subunit recruitment
(Figure 2A,C), whereas they were both full agonists for Gαq recruitment (Figure 2B).
In contrast, B1 and B2 behaved as full agonists for Gαs but as partial agonists for Gαq
recruitment (Figure 2A,B). For Gαi recruitment, B1 was neutral with a slightly inverse
agonism at the very high concentration, whereas B2 was a partial agonist (Figure 2C).
Measurement of β-arrestin 2 recruitment revealed striking differences: T1 displayed full
agonism, B1 and B2 behaved as weak partial agonists, whereas B3 recruited β-arrestin
2 with an almost two-fold higher Emax (231.8 ± 4.9) compared to FSH, qualifying as a
super-agonist for β-arrestin 2 recruitment (Figure 2D). For cAMP production, no ma-
jor differences in Emax were found compared to FSH, except for B1 displaying partial
agonism (Figure 2E).

2.2. Differences in Kinetics That Affect Potencies and Efficacies

Comparing the kinetics across the different LMW ligands and concentrations, we ob-
served markedly different kinetics compared to FSH (Supplementary Figure S2). Figure 3
shows time courses of G proteins and β-arrestin 2 recruitment to FSHR with each ligand
used at its EC80 as sub-maximal concentration and normalized to FSH response at 20 min
(Figure 3). We extrapolated T1/2 by using the general rise and fall exponential curve fit-
ting equation as described in the materials and methods (Supplementary Tables S2 and S3).
B3 led to significantly faster kinetics than FSH in recruiting Gαs, Gαq, Gαi, and β-arrestin
2. T1-induced kinetics were comparable to FSH for Gαs and Gαi recruitments but were
slower for Gαq and β-arrestin recruitments as well as cAMP production. B1 displayed a
weaker and more transient profile with all the read-outs considered. B2 displayed significantly
slower but sustained activation kinetics with all read-outs compared with FSH, except for Gαs.
It has been reported by others that kinetics can impact apparent biases in signaling [41].
In this context, we compared the AUC (area under the curve) for each dose with endpoints
at 2-, 7- and 20-min. Signals from each LMW ligand were normalized over the FSH signal
taken at the same time point. Consistent with Klein Herenbrinck et al., we found that the
different kinetics induced by T1 could indeed affect potency and efficacy as a function of
the endpoint considered. Figure 4 demonstrates that T1-induced Emax and potencies were
significantly different from FSH for both Gαs recruitment and cAMP production as a function
of the stimulation time.

2.3. Diversity of FSHR-Mediated ERK Phosphorylation and cAMP-Responsive
Element-Dependent Transcription

We next assessed the effect of each LMW ligand on two integrated cellular responses:
(i) extracellular signal-regulated kinase (ERK1/2) phosphorylation, assessed by Western
blot, and (ii) cAMP-responsive element (CRE) transcription using a reporter gene (Figure 5).
ERK1/2 phosphorylation levels were evaluated after stimulating FSHR-transfected HEK293
cells for 5 min with EC80 of each compound (Supplementary Figures S3 and S4) and were
normalized over total ERK. The 5 min time corresponded to the peak of phosphorylated
ERK activation in our cellular settings, as previously described [42,43]. As shown in
Figure 5, FSH and LMW ligands induced ERK phosphorylation compared to basal. Inter-
estingly, B3 induced a higher level of ERK phosphorylation than the other LMW ligands
and FSH. The Gαs/cAMP/PKA pathway is canonically activated upon FSH binding to the
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receptor. In particular, the second messenger cAMP binds to PKA, which, in turn, activates
the cAMP response element-binding protein (CREB) in the nucleus. CREB is a transcription
factor that binds to the cAMP response element (CRE) of the promoters of its target genes
and leads to their activation. In this context, we were interested in analyzing the impact of
LMW ligands on the FSHR-mediated Gαs/cAMP/PKA-dependent gene expression. To do
this, CRE-dependent transcription was assessed after 6 h of stimulation using luciferase
as a reporter gene. The data revealed striking differences compared to Gαs recruitment
and cAMP production. B3 and T1 were partial agonists compared to FSH, whereas B1
and B2 displayed very poor potencies, inducing weak luciferase expression only at high
concentrations (Figure 5C; Supplementary Table S4).

2.4. Profiling in HEK293/∆Gαs and HEK293/∆ARRB Cells

To further dissect the transduction mechanisms triggered by the different ligands, but also
to assess the potential impact of system biases, we carried out the same profiling in HEK293
cells depleted in two key molecular effectors of FSHR, namely either Gαs or β-arrestins.
The levels of FSHR expression at the plasma membrane were quantified across the three
cellular models by flow cytometry and were found to be similar between wild-type HEK293
and HEK293/∆Gαs, but slightly lower for HEK293/∆ARRB (Supplementary Figure S5).

Gαq, Gαi, and β-arrestin 2 recruitment, and CRE-dependent transcription were mea-
sured in HEK293/∆Gαs cells stimulated with increasing doses of FSH or LMW ligands
(Figure 6, Supplementary Figure S6). FSH-induced signals were arbitrarily set at 100%.
The lack of Gαs affected the relative efficacies of some ligands compared to FSH. In par-
ticular, B3 and T1 were less efficacious in recruiting Gαi compared to the unmodified
cells, while being more efficacious for Gαq recruitment (Supplementary Tables S1 and S5).
Interestingly, both B3 and T1 were also more efficacious than FSH in recruiting β-arrestin 2.
B2 displayed a higher efficacy for Gαq and β-arrestin 2 recruitments but was ineffective for
Gαi recruitment. Interestingly, compound B1 did not display any notable efficacy regardless
of the read-out in these cells. As expected, Gαs depletion strongly impaired CRE-dependent
transcription, yet a clear residual activation remained and was analyzed. Compound B3
displayed weak efficacy and potency, whereas T1 induced CRE-dependent transcription
with higher efficacy compared to wild-type cells. Interestingly, B1 and B2 did not trigger
any measurable responses. Kinetics revealed that Gαi recruitment was severely affected
for all ligands and FSH compared to the wild-type cells (Supplementary Figure S6).

We next investigated the effects of our ligands in a system where both β-arrestin 1
and 2 were genetically depleted (i.e., HEK293/∆ARRB). Again, FSHR-transfected cells
were challenged with increasing doses of FSH or LMW ligands. G proteins, cAMP pro-
duction, and CRE-luciferase expression were analyzed (Figure 7; Supplementary Table S5).
B1 reached higher efficacy in Gαs recruitment, while B3 and T1 showed less efficacy in
recruiting Gαi in HEK293/∆ARRB compared to the wild-type counterpart. However,
the general overall behavior of these three LMW ligands on upstream signaling was main-
tained in HEK293/∆ARRB compared to wild-type HEK293. Interestingly, the lack of
β-arrestin significantly affected B3-induced reporter gene expression as shown by the
decreased efficacy compared to wild-type HEK293 (71.0 ± 2.7 vs. 53.4 ± 7.1, respectively),
consistent with this compound being the most efficacious at inducing β-arrestin 2 recruit-
ment in wild-type cells. The kinetics indicated that β-arrestins depletion of β-arrestins did
not impair Gαi recruitment the way Gαs depletion did (Supplementary Figure S7).

2.5. Analysis of Bias Factors and Multi-Dimensional Comparison of Pharmacological Efficacies

To visualize the pharmacological activity induced by the LMW ligands, we first graphi-
cally represented the values for the transduction coefficients (Supplementary Tables S6–S8)
and the maximal efficacies (Supplementary Tables S1A and S5A,C) in radial graphs (Figure 8).
Such representation visually correlates an intrinsic pharmacological parameter (i.e., the trans-
duction coefficient) to the maximal efficacy of each ligand for the read-outs considered.
As expected, FSH-induced transduction coefficients and maximal efficacies were balanced
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in the three cellular models considered. On the contrary, LMW ligands showed imbalance
for different read-outs, highlighting a high pharmacological diversity. It is interesting to note
that no B1-induced transduction coefficients in the HEK293/∆Gαs cells were statistically
identifiable except for the read-out Gαq; therefore, the radial plot was not determined (nd).

We then calculated bias factors for each compound compared to the endogenous
ligand FSH and for each pair of read-outs across the three cellular models, using the op-
erational model of agonism, as described in the materials and methods (Supplementary
Tables S9–S11). In Figure 9, bias values were graphically represented as arrows pointing
to the direction of the bias (i.e., one read-out in each pair considered). In several cases,
as described in the materials and methods, we were not able to accurately determine the
bias value, reflecting a concentration-activity curve that was very weak or flat, for at least
one of the two read-outs. In such cases, the fitting of the sigmoid is not robust and can
lead to unreliable bias values. Since there was a clear bias towards one read-out, where
we could not perform statistical analysis, we decided to represent such cases with empty
arrows (observed bias) as opposed to full arrows (statistically significant bias). As shown in
Figure 9, each compound displayed a unique profile, indicating pharmacological diversity.
We also noticed that bias profiles varied as a function of the cell model considered, confirm-
ing the importance of the cellular context when assessing biases. Noticeably, all ligands
were biased towards Gαs compared to cAMP in both wild-type and HEK293/∆ARRB
cells. There was also a general trend in favor of a Gαs-oriented bias for all ligands in
HEK293/∆ARRB cells as well. It should be noted that B1 appeared as the most balanced
ligand, mostly due to its low efficacy and potency in many read-outs that generated no bias
values. This phenomenon is particularly visible in wild-type HEK293 and HEK293/∆Gαs
cells in which B1 did not display any activity except a significant bias in favor of Gαs
over cAMP in wild-type HEK293. Consistent with its strong dependence on Gαs, B1 was
also largely biased in favor of Gαs recruitment in HEK293/∆ARRB. Interestingly, B3 was
significantly biased for β-arrestin 2 compared to cAMP and CRE-luciferase in wild-type,
while T1 was significantly biased for arrestin 2, only compared to CRE-luciferase. Moreover,
in wild-type cells, ligands B3 and T1 were significantly biased towards Gαi compared to
cAMP, while B3, B2, and T1 were significantly biased towards cAMP compared to Gαq.
These two biases remained consistent in HEK293/∆ARRB cells.

To better discriminate pharmacological efficacies of FSH and LMW ligands across
the multiple dimensions in the three cellular models explored, we performed principal
component analyses (PCA) using the calculated bias values. Since FSH was the reference
ligand, all the values entered for FSH in the PCAs were set to 0, meaning no bias. In all
three PCAs shown in Figure 10, the two principal components, PC1+PC2, accounted for
91.44 to 99.14% of the variability across the ligands, hence highlighting differences in ligand
behavior. Furthermore, we performed hierarchical clustering based on the PCA results
to group ligands in clusters (Figure 10). Interestingly, ligands did not group in the same
clusters (dotted lines) in the different cellular models, suggesting that the gene knockouts
and the associated compensatory rewiring [44] led to system biases. In wild-type HEK293,
B3, FSH, and T1 were clustered together; B1, T1, and FSH were in the same cluster in
HEK293/∆Gαs, whereas two separate clusters, composed by B3 and B2 (left cluster) and
by FSH and T1 (right cluster), were found in HEK293/∆ARRB. The apparent superposition
of B1 and FSH in HEK293/∆Gαs was clearly misleading and is not at all indicative of
pharmacological equivalence of these two ligands in this cellular system. Instead, it reflects
the fact that FSH, being the reference, had no bias in any of the cellular systems (hence
all values = 0), yet it clearly triggered robust responses for all read-outs measured in
HEK293/∆Gαs. On the contrary, B1 displayed no activity at all in HEK293/∆Gαs, hence,
no bias (all values = 0). This is an illustration of the type of caveats that can arise when
running such systematic bias analyses.
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Figure 2. Profiling of LMW ligands vs. FSH in HEK293 cells. (A) Gαs recruitment (light blue), (B) Gαq recruitment (green),
(C) Gαi recruitment (purple), (D) β-arrestin 2 recruitment (grey), and (E) cAMP production were measured. HEK293 cells
transfected with the FSHR and the appropriate BRET sensors (Rluc stands for renilla luciferase, YFP for yellow fluorescent
protein, and EPAC for exchange protein directly activated by cAMP) were challenged with increasing doses of FSH (10−12.5

to 10−6.5 M) or LMW ligands (10−10 to 10−4 M). Concentration/activity curves were measured for the different read-outs.
Signals were monitored for 30 min and normalized, considering the FSH maximal response as 100%. The area under the
concentration/activity curves generated by each compound was plotted and fitted using non-linear regression. Data are
represented as mean ± SEM from at least six independent experiments.
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Figure 3. Kinetics curves induced by EC80 of FSH and LMW ligands. (A) Gαs recruitment, (B) Gαq recruitment, (C) Gαi
recruitment, (D) β-arrestin 2 recruitment, and (E) cAMP production were measured. HEK293 cells transfected with FSHR
and appropriate BRET sensors were stimulated with EC80 of FSH or LMW ligands. Signals were monitored for 20 to 40 min,
depending on the read-out. Kinetic curves corresponding to each read-out were normalized considering the signal elicited
by FSH at 20 min as 100%. Kinetics curves were plotted as a function of time. Data are represented as mean ± SEM from at
least six independent experiments.
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were plotted and fitted using non-linear regression. Emax values were represented as the % of FSH Emax ± SEM. Potency 
values were represented as the positive logarithm of the ligand EC50 concentration ± SEM for each time considered. Statistical 
significance was assessed by unpaired t-test with Welch’s correction. n = 6, * p < 0.05; *** p < 0.001. 
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(i) extracellular signal-regulated kinase (ERK1/2) phosphorylation, assessed by Western 
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5). ERK1/2 phosphorylation levels were evaluated after stimulating FSHR-transfected 
HEK293 cells for 5 min with EC80 of each compound (Supplementary Figures S3 and S4) 
and were normalized over total ERK. The 5 min time corresponded to the peak of 
phosphorylated ERK activation in our cellular settings, as previously described [42,43]. 
As shown in Figure 5, FSH and LMW ligands induced ERK phosphorylation compared to 
basal. Interestingly, B3 induced a higher level of ERK phosphorylation than the other 
LMW ligands and FSH. The Gαs/cAMP/PKA pathway is canonically activated upon FSH 
binding to the receptor. In particular, the second messenger cAMP binds to PKA, which, 
in turn, activates the cAMP response element-binding protein (CREB) in the nucleus. 
CREB is a transcription factor that binds to the cAMP response element (CRE) of the 
promoters of its target genes and leads to their activation. In this context, we were 
interested in analyzing the impact of LMW ligands on the FSHR-mediated 
Gαs/cAMP/PKA-dependent gene expression. To do this, CRE-dependent transcription 
was assessed after 6 h of stimulation using luciferase as a reporter gene. The data revealed 
striking differences compared to Gαs recruitment and cAMP production. B3 and T1 were 
partial agonists compared to FSH, whereas B1 and B2 displayed very poor potencies, 

Figure 4. Concentration/activity curves of T1 vs. FSH at different time points. Gαs recruitment (A) and cAMP pro-
duction (B) were measured at 2, 7, and 20 min of stimulation. Efficacies and potencies were compared (C). The area
under the concentration/activity curves generated by T1 at the different endpoints considered (2, 7, and 20 min) were
calculated. FSH maximal response at each endpoint was set at 100%, and T1-induced values were normalized accord-
ingly. Normalized values were plotted and fitted using non-linear regression. Emax values were represented as the % of
FSH Emax ± SEM. Potency values were represented as the positive logarithm of the ligand EC50 concentration ± SEM
for each time considered. Statistical significance was assessed by unpaired t-test with Welch’s correction. n = 6,
* p < 0.05; *** p < 0.001.
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phosphorylation was analyzed by western blotting. (B) Images were quantified and represented as 
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2.4. Profiling in HEK293/ΔGαs and HEK293/ΔARRB Cells 
To further dissect the transduction mechanisms triggered by the different ligands, but 

also to assess the potential impact of system biases, we carried out the same profiling in 
HEK293 cells depleted in two key molecular effectors of FSHR, namely either Gαs or β-
arrestins. The levels of FSHR expression at the plasma membrane were quantified across 
the three cellular models by flow cytometry and were found to be similar between wild-
type HEK293 and HEK293/ΔGαs, but slightly lower for HEK293/ΔARRB (Supplementary 
Figure S5). 

Figure 5. Activity of FSH vs. LMW ligands on downstream signaling. (A) HEK293 cells expressing the FSHR were
stimulated with EC80 concentration of FSH or LMW ligands for 5 min. ERK phosphorylation was analyzed by western
blotting. (B) Images were quantified and represented as normalized phosphorylated ERK/ERK1/2 values. (C) HEK293
co-expressing the FSHR and CRE-luciferase reporter gene were stimulated with increasing concentrations of FSH (10−12.5 to
10−6.5 M) or LMW ligands (10−10 to 10−4 M). Luciferase activities were recorded 6 h after stimulation, and signals were
normalized over FSH maximal response. Values were plotted and fitted by non-linear regression. Data are represented as
mean ± SEM from at least six independent experiments.
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Figure 6. Profiling of LMW ligands vs. FSH in HEK293/∆Gαs cells. (A) Gαq recruitment, (B) Gαi recruitment,
(C) β-arrestin 2 recruitment, and (D) CRE reporter gene induction were measured. Transfected HEK293/∆Gαs cells were
challenged with increasing doses of FSH (10−12.5 to 10−6.5 M) or LMW ligands (10−10 to 10−4 M). Signals were monitored for
30 min. Concentration/activity curves were calculated by considering the area under the curves. Values were normalized
considering FSH maximal response as 100%, plotted, and fitted using non-linear regression. Data are represented as
mean ± SEM from at least six independent experiments.
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Figure 7. Profiling of LMW ligands vs. FSH in HEK293/ΔARRB cells. (A) Gαs recruitment, (B) Gαq 
recruitment, (C) Gαi recruitment, (D) cAMP production, and (E) CRE reporter gene induction were 
measured. Transfected HEK293/ΔARRB cells were challenged with increasing doses of FSH (10−12.5 
to 10−6.5 M) or LMW ligands (10−10 to 10−4 M). Signals were monitored for 30 min. 

Figure 7. Profiling of LMW ligands vs. FSH in HEK293/∆ARRB cells. (A) Gαs recruitment, (B) Gαq recruitment, (C) Gαi
recruitment, (D) cAMP production, and (E) CRE reporter gene induction were measured. Transfected HEK293/∆ARRB
cells were challenged with increasing doses of FSH (10−12.5 to 10−6.5 M) or LMW ligands (10−10 to 10−4 M). Signals were
monitored for 30 min. Concentration/activity curves were calculated by considering the area under the curves. Values
were normalized considering FSH maximal response as 100%, plotted, and fitted using non-linear regression. Data are
represented as mean ± SEM from at least six independent experiments.
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cluster in HEK293/ΔGαs, whereas two separate clusters, composed by B3 and B2 (left 
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(TC) and maximal efficacies (Emax). Transduction coefficients and maximal efficacies were obtained 
after curve-fitting of FSH and LMW ligand-induced concentration/activity curves and are 
represented as radial graphs. Radius for TC is in logarithmic scale while radius for Emax is 
normalized, considering FSH maximal response as 100%, and is shown in linear scale. B1-induced 
transduction coefficients in HEK293/ΔGαs were not identifiable, and the relative radial graph was 
labeled as “not determined” (nd). 

Figure 8. Radial graph representation of FSH and LMW ligand-induced transduction coefficients (TC)
and maximal efficacies (Emax). Transduction coefficients and maximal efficacies were obtained after
curve-fitting of FSH and LMW ligand-induced concentration/activity curves and are represented as
radial graphs. Radius for TC is in logarithmic scale while radius for Emax is normalized, considering
FSH maximal response as 100%, and is shown in linear scale. B1-induced transduction coefficients in
HEK293/∆Gαs were not identifiable, and the relative radial graph was labeled as “not determined” (nd).
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The biased pharmacological behavior of each LMW (represented in a color code, B1 = green, B2 = 
orange, B3 = blue and T1 = red)  ligand is represented in the shape of an arrow pointing to the 
direction of bias for each of the pair of read-outs considered in the three cellular contexts. 
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FSHR has long been a target for pharmaceutical companies since FSH is administered 

to patients in ovarian stimulation protocols [45]. Over the years, several attempts were 
made to identify suitable orally-active LMW substitutes of FSH [27,34,36,46]. However, 
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ands. The biased pharmacological behavior of each LMW (represented in a color code, B1 = green,
B2 = orange, B3 = blue and T1 = red) ligand is represented in the shape of an arrow pointing to the
direction of bias for each of the pair of read-outs considered in the three cellular contexts. Statistically
significant biases (full arrow) as well as observed biases (empty arrow) are shown.
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factors. Continuous lines represent the cut-off set up of a number of clusters equal to three. Clus-
ters of ligands are highlighted with dotted lines. Note that in the PCA graph, corresponding to
HEK293/∆Gαs, FSH and B1 are perfectly overlaid.

3. Discussion

FSHR has long been a target for pharmaceutical companies since FSH is administered
to patients in ovarian stimulation protocols [45]. Over the years, several attempts were
made to identify suitable orally-active LMW substitutes of FSH [27,34,36,46]. However,
no LMW ligand-exhibiting undisputable and well-characterized biased agonisms at the FSHR
have been reported so far. In the current study, we took advantage of previously described
thiazolidinone and benzamide derivatives and investigated their ability to trigger biased
signaling compared to FSH [33,38]. Of note, our panel included three benzamide derivatives
that presented a common core structure. We capitalized on highly-sensitive BRET sensors to
carry out multiplexed measurements encompassing the main known coupling mechanisms
of the FSHR: Gαs, Gαq, Gαi, and β-arrestin 2 recruitments [4,47]. We also assessed cAMP
production, ERK phosphorylation, and CRE-dependent transcription—three downstream
cellular responses known to be induced by FSH. Concentration-activity experiments were
conducted for all read-outs but ERK phosphorylation to achieve quantitative comparisons
(efficacy and potency) between FSH and the different ligands. Then, we applied operational
model-derived analysis to the whole dataset to calculate the transduction coefficients and bias
factors of all the possible pairs of read-outs.

Our data confirmed that FSH and the LMW ligands were able to recruit Gαq and Gαi,
in addition to the canonical Gαs protein; thereby, supporting the existence of G protein
promiscuity at the FSHR [14]. Importantly, our results reveal that the different LMW
ligands lead to distinct biases at the FSHR. Indeed, B3 behaved as a super-agonist for
Gαs and β-arrestin 2 recruitment compared to FSH. Moreover, it was statistically biased
towards β-arrestin 2 when compared to cAMP. Consistent with this finding, we observed
that B3 induced more ERK phosphorylation than FSH in wild-type HEK293 cells and
that its CRE-dependent transcription was more affected than the one elicited by FSH or
other LMW ligands in HEK293/∆ARRB cells. T1 also showed β-arrestin 2 bias compared
to cAMP and CRE-dependent transcription. Similar to B3, T1 also demonstrated two-
fold higher efficacy for Gαs protein recruitments while being slightly more efficacious at
inducing cAMP production compared to FSH. However, its β-arrestin recruitment efficacy
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was significantly reduced compared to B3. In contrast, B1 displayed full agonism for
Gαs and partial agonism for cAMP production, respectively, in wild-type HEK293 cells;
whereas, it showed little to no pharmacological activity in all other assays, including
β-arrestin recruitment. In line with this Gαs-biased profile, B1 failed in inducing any
significant response in HEK293/∆Gαs cells. Compound B2, on the other hand, displayed
full agonism for Gαs recruitment and cAMP production but was only partial agonist for all
other read-outs. These data demonstrated an unprecedented pharmacological diversity at
the FSHR. These ligands represent novel molecular tools that can serve to further dissect
FSHR signaling.

We noticed that LMW ligands displayed less bias towards cAMP production com-
pared with Gα and β-arrestin recruitment. The exact mechanisms that determine the
orientation of the bias remain largely unknown, even though more studies are attempting
to link signaling behaviors to receptor structural conformations. In the case of cAMP
production vs. Gα and β-arrestin recruitment, the stoichiometry of the elements at play
is vastly different: for Gα or β-arrestin recruitment to the receptor, the stoichiometry is
1:1, meaning that one activated receptor recruits one Gα protein/β-arrestin. In contrast,
cAMP production is strongly amplified: activation of one receptor leads to plenty of cAMP
molecules produced, making cAMP response less sensitive to pharmacological modulation.
We previously reported that only a few percent of occupied FSHRs still generate maximum
cAMP responses, whereas, Gα or β-arrestin recruitment are perfectly correlated with re-
ceptor occupancy [48]. This discrepancy may explain why LMW compounds showed less
bias towards cAMP production.

Importantly, distinct pharmacological profiles were obtained with three molecules that
are relatively similar. Indeed, B1, B2, and B3 share about 90% of their chemical structure [33],
yet their pharmacological profiles were widely different. The same is true with T1 and T2,
which also share 90% of their chemical structure. However, T1 was a biased agonist, while
T2 was an antagonist [39]. This observation is in line with the constantly growing number
of examples of slight chemical modifications leading to profound pharmacological biases
at other GPCRs.

Another interesting finding of our study is that, despite some of the LMW lig-
ands (i.e., B3 and T1) being full- or even super-agonists for G protein recruitments,
cAMP production and β-arrestin 2 recruitment compared to FSH was less efficient for
CRE-dependent transcription. From this observation, we hypothesized that the different
kinetic profiles elicited at the FSHR by the different ligands could account for the differ-
ences measured at the transcriptional level as well as for ligand-specific receptor assembly
at the membrane. Signal compartmentalization could also play a role as it was recently
shown that FSHR and LHCGR produce a large proportion of their cAMPs from endo-
somes [40,43]. It is therefore conceivable that LMW ligands lead to differential activations
of the plasma-membrane vs. endosomal cAMP production. Indeed, increased T1-induced
cAMP signaling is endosomal and, at the same time, is insensitive to the negative regula-
tion of APPL1. Interestingly, the importance of kinetics in pharmacological efficacy at the
dopamine D1 receptor has been recently explored [41]. In particular, the D1 receptor did
not display the same kinetics of activation with the different ligands analyzed. Similarly,
we found that concentration/activity curves made from different endpoints could lead to
different relative efficacies and potencies compared to FSH. Looking at the full kinetics,
we found that LMW ligands displayed different profiles that were slow, fast, or transient
compared to FSH. Our study further highlights the importance of considering kinetics
when pharmacologically profiling ligands.

Given the biased properties of the different LMW ligands in our panel, one can
wonder what effects they would have on reproduction. For example, the selective ac-
tivation of a specific FSHR-mediated signaling pathway by a biased compound may
enhance the ovulation output in ART while reducing the risk for OHSS. In a similar way,
such biased properties may contribute to dissect the molecular mechanism leading to
reproduction-related disorders. Interestingly, T1 was already tested in immature rats.
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Despite good potency and efficacy in vitro, serum T1 was undetectable in vivo. Effects on
ovulation were achieved only when T1 was continuously perfused with a pump. Moreover,
some genotoxic effects were reported [32]. On the contrary, B1, B2, and B3 were not yet
evaluated in vivo. Other benzamide derivatives from the same series were tested in im-
mature rats. They displayed acceptable pharmacokinetic parameters but were not tested
for their effects on ovulation [33]. In this context, evaluating B1, B2, and B3 in vivo could
help decipher the respective contributions of G proteins and β-arrestin on reproduction,
thereby assessing the potential of FSHR-targeted biased drugs for clinical applications in
the field of reproductive medicine.

System bias has been identified as a potential confusion factor for pharmacological
profiling of ligand bias [26]. System bias is often evoked when comparing different cell
types and/or physiological contexts. Here we reasoned that the advent of CRISPR Cas9
knock-out models of HEK293 could be an interesting opportunity to look at system bias
from a different perspective. Indeed, it was recently reported that such gene depletion
forced an important rewiring of signaling pathways in order for the knock-out cells to adapt
and compensate for the missing factor [44]. We compared, side-by-side, three models of
HEK293 cells wild-type or depleted for Gαs and both β-arrestin isoforms. We clearly found
that our ligands did not display the same pharmacological profiles compared to FSH in
the different models, further confirming the importance of system bias. We demonstrated
that even a discrete alteration affecting one transduction partner could lead to pathway
rewiring, completely changing the pharmacological profiles, even though the receptor was
expressed at similar or slightly lower levels and the assays were identical.

In addition, we observed that Gαi recruitment was profoundly reduced for all LMW
ligands and for FSH in HEK293/∆Gαs compared to wild-type and ∆ARRB HEK293 cells.
Even though the residual effects were sufficient to determine potencies and efficacies for
Gαi recruitment, the drastic reduction of the overall coupling to Gαi in the absence of Gαs
suggests that a possible Gαs/Gαi switching occurs at the FSHR. A switching from Gαs to
Gαi coupling, subsequent to phosphorylation of β2-adrenergic by PKA, was previously
reported [49,50]. This is yet another illustration of the importance and confounding nature
of system bias.

In addition to the importance of kinetics and system biases, our study pointed to some
limitations in the way pharmacological biases are currently statistically measured. State-
of-the-art methods rely on the Black and Leff operational model of agonism to quantify
bias [51,52]. The main limitation of this approach is that it is based on fitting a sigmoid to
concentration/activity curves. It works robustly when actual responses can be measured.
However, as expected in the case of biased ligands, some ligands do not exhibit clear
efficacy in some assays. In such a case, the operational model still fits a sigmoid, but the
inflection points are not reliably identified, and this generates aberrant biased values.
A modification of the operational model was recently proposed to deal with such cases
of extreme biases [53]. However, this approach only works for orthosteric ligands, as it
relies on competition; therefore, it is not applicable to allosteric ligands. Further studies
will be necessary to address this important limitation in the future and allow reliable
pharmacological profiling in all situations.

Overall, we report for the first time a panel of LMW agonists presenting varied bi-
ased profiles at the FSHR. This finding will help decipher the relative contributions to the
reproduction-related physiopathology of the different signaling pathways triggered by
the FSHR. In that sense, our study potentially represents a significant step towards the
development of improved therapeutics in reproductive medicine. Such molecules could
be used to gain a better understanding of FSHR signaling, a pre-requisite to the discov-
ery of novel FSHR-targeting drugs. In structure-activity relationship studies, these com-
pounds may also be used to determine the chemical elements responsible for a particular
drug effect.
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4. Materials and Methods
4.1. Ligands and Materials

The FSHR low molecular weight ligands (B1, B2, B3, T1, T2) were provided by To-
copheRx (Burlington, VT, USA). Classification and chemical structures are displayed in
Figure 1. Ligands were diluted in sterile dimethyl sulfoxide (DMSO, Sigma-Aldrich,
Saint-Louis, MO, USA) for conservation at −20 ◦C then diluted in PBS (Eurobio, Les Ulis,
France) at appropriate concentrations for stimulations. Recombinant FSH was kindly
donated by Merck (Darmstadt, Germany) and diluted in PBS. Ninety-six-well white mi-
croplates were acquired from Greiner Bio-one (Courtaboeuf, France). Coelenterazine H
was purchased from Interchim (Montluçon, France).

4.2. Cell Culture and Transfection

HEK293/∆Gαs were generated by introducing null mutations into the GNAS gene,
and the GNAL genes and HEK293/∆ARRB were mutated in the ARRB1 and the ARRB2
genes, using the CRISPR/Cas9 genome editing technology as described elsewhere [54–56].
Cells were cultured in a complete DMEM medium, supplemented with 10% (v/v) fetal
bovine serum, 4.5 g/L glucose, 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 1mM
glutamine (all from Thermo Fisher Scientific, Waltham, MA, USA). Transient transfections
were performed in suspension in a 96-well plate using Metafectene PRO (Biontex, München,
Germany) following the manufacturer’s protocol.

4.3. BRET Sensors

To evaluate Gαs, Gαq, Gαi recruitment, cells were transiently transfected with previ-
ously described FSHR C-terminally fused with donor Rluc8 (FSHR-Rluc8) and acceptor
NES-Venus-mGs, or NES-Venus-mGsq or NES-Venus-mGsi (kindly provided by Pr. N.A.
Lambert, Augusta University, Augusta, GA, USA) [47,48]. In order to measure real-time
cAMP response in living cells, HEK293 cells were transiently transfected with two plas-
mids coding for FSHR (Tranchant et al., 2011) and the BRET-based cAMP sensor CAMYEL
(kindly provided by L.I. Jiang, University of Texas, Austin, TX, USA) [57]. For the as-
sessment of β-arrestin 2 recruitment, HEK293 cells were transiently co-transfected with
plasmids coding for FSHR-Rluc8 and for β-arrestin 2 N-terminally fused to the BRET
acceptor yPET (kindly provided by Dr. M.G. Scott, Cochin Institute, Paris, France) [48].

4.4. Cell Stimulation and BRET Measurement

Forty-eight hours after transfection, BRET measurements were immediately per-
formed upon addition of increasing concentrations of FSH (10−12.5 to 10−6.5 M) or of LMW
ligands (10−10 to 10−4 M) and 5 µM of coelenterazine H diluted in PBS. Signals were
recorded for 30 min in a Mithras LB 943 plate reader (Berthold Technologies GmbH & Co.,
Wildbad, Germany).

4.5. Western Blot Analysis

Cells were stimulated with 80% effective concentrations (EC80) of FSH or LMW
ligands for 5 min, and then the supernatants were removed. Cells were then lysed in
2X Laemmli buffer (250 mM tris-HCl (pH 6.8), 2% (w/v) SDS, 10% (v/v) glycerol, 0.01%
(w/v) bromophenol blue, and 5% (v/v) β-mercaptoethanol) and equal amounts of protein
were analysed by Western blot. The membranes were incubated overnight at 4 ◦C with
anti-phospho-ERK 1/2 (P-p44/42 MAPK; Rabbit mAB; Ref:4370S; Lot 17 or Lot 23; 1:3000
or 1:1000; Cell Signalling Technologies, Danvers, MA, USA) and were reprobed with
primary polyclonal antibody against total ERK2 (ERK2(C-14); sc-154; Lot #K2012; rabbit
polyclonal IgG; 1:10,000; Santa Cruz Biotechnology, Dallas, TX, USA) or anti-p42/44 ERK
(Cell Signalling Technology, catalog number: 9102, 1:10,000, Ref: 9107, Lot 28) followed
by IRDye conjugates (IRDye800CW, 926-68071, Lot C70901-13/ IRDye680RD, 926-32211,
Lot 70926-05; goat anti-rabbit; 1:300; Li-Cor Biosciences, Lincoln, NE, USA) or Horseradish
Peroxidase HRP conjugated mouse anti-rabbit (Santa Cruz, sc-2357, Lot L1218, 1:10,000) as
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secondary antibodies. Protein bands were detected with a LI-Cor Odyssey CLX far-infrared
scanner (Li-Cor Biosciences, Lincoln, NE, USA), or membranes were subsequently exposed
to autoradiography films (GE Healthcare AmershamTM HyperfilmTM ECL, 10534205) in
a dark room. Bands were quantified by densitometry with Image Studio Ver. 2.1 (Li-Cor
Biosciences, Lincoln, NE, USA).

4.6. Flow Cytometry

Cells (wild type HEK293, HEK293/∆Gαs, and HEK293∆ARRB) were transiently trans-
fected with either plasmid encoding for an empty pcDNA3.1 vector (mock) or N-terminally-
tagged FLAG-FSHR. Cells were detached, washed, and re-suspended in working buffer
(PBS w/o Ca2+ and Mg2+, 1% BSA, 2 mM EDTA) 48 h after transfection. Cells were
then incubated with PE-conjugated anti-FLAG antibody (anti-DYKDDDDK-PE, Order n.:
130-101-577, Lot: 5190225429, 1:100, Milteny Biotech, Bergisch Gladbach, Germany) for 1 h
at 4 ◦C. Cells were washed twice and re-suspended in working buffer before analysis with
MACSQuant Analyzer 10 Flow cytometer (Milteny Biotech, Bergisch Gladbach, Germany).
Data were analyzed and plotted with FlowJo Ver. 9.6 (FlowJo, Ashland, OR, USA).

4.7. Cre-Dependent Reporter Assay

HEK293 cells were transiently transfected with FSHR and the pSOM-Luc plasmid
expressing the firefly luciferase reporter gene under the control of the cAMP Responsive
Element of the somatostatin promoter region [58]. After 48-h transfection, cells were
stimulated for 6 h with increasing doses of FSH (10−12.5 to 10−6.5 M) or LMW ligands
(10−10 to 10−4 M). Luciferase activity was measured by adding Bright-Glo Luciferase assay
substrate (Promega, Madison, WI, USA), and the emitted light was measured in a Mithras
LB 943 plate reader. Values were expressed in relative luciferase activity units (RLU).

4.8. Statistical Analysis of Concentration/Activity Curves

The results are shown as mean ± SEM from at least six independent experiments.
Data were analyzed and plotted using GraphPad Prism Ver.9.0 (San Diego, CA, USA).
For normalizations, the values of all replicates were divided by the mean of FSH-induced
maximal responses and multiplied by 100 for any given read-out. Statistical significance
was assessed by an unpaired t-test with Welch’s correction, based on the number of datasets
in each given experiment. p-values were considered significant when <0.05.

4.9. Statistical Analysis of Kinetic Curves

The results are shown as mean ± SEM from at least six independent experiments.
T1/2 were obtained after curve fitting by using the general rise and fall exponential equation
in GraphPad Prism:

E = C/(K1 − K2) × (e−K2 t − e−K1 t)

where T1/2 = log(2)/K1, as previously described by Hoare et al., 2018 [59].

4.10. Bias Calculation and Statistics

Transduction coefficients (R = τ/Ka) and bias factor (BF) were obtained after statistical
fitting (Supplementary Figures S8–S10) of the operational model for each dose-response
curve using normalized data from Figures 2, 6 and 7. Starting from the procedure de-
scribed in van der Westhuizen et al. [60], performed in GraphPad Prism, we adapted the
methodology using the D2D-software on Matlab Vers. 2016b (MathWorks, Natick, MA,
USA) [61] to improve the statistical significance and avoid possible misleading procedures
in data fitting due to parameter non-identifiability. For a given response and a given ligand,
the corresponding concentration/activity curve was fitted using the operational model
given by Equation (1):

E = Basal + (Emax − Basal) × (τ[L])ˆn/((τ[L])ˆn + (Ka + [L])ˆn), (1)
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where [L] denotes the concentration of ligand and E is the quantification of its effect
(such as BRET ratio, for instance). The basal parameter is the baseline of the response;
Emax is the maximal possible response of the system; τ is the efficacy; Ka is the functional
equilibrium dissociation constant of the agonist; n is the Hill slope of the transducer
function that links occupancy to response. Equation (1) was poorly parameterized to
yield proper identification of the transduction coefficient, hence using standard algebraic
manipulations, Equation (1) was transformed into Equation (2):

E = Basal + (Emax − Basal)/(1+(([L]/10ˆLogKa+1)/(10ˆLogR × [L]))ˆn), (2)

Factor n was set to 1 for all concentration/activity curves in order to improve parame-
ter identifiability.

For a given pair of responses, E1 and E2, we systematically computed the bias between
each LMW ligand and FSH. Equation (2) was used with Ka set to 1 for both responses when
referring to FSH:

E1_FSH = Basal1 + (Emax1 − Basal1)/(1 + ([L] + 1)/(10ˆLogR1 × [L])), (3)

E2_FSH = Basal2 + (Emax2 − Basal2)/(1 + ([L] + 1)/(10ˆLogR2 × [L])), (4)

Then, we used Equation (2) with the same Basal and Emax value, but with modified
functional equilibrium dissociation constant and transduction coefficient and applied this
to each LMW compound individually. Considering LMW as a generic compound belonging
to the panel, equations are as follows:

E1_LMW = Basal1 + (Emax1 − Basal1)/(1 + ([L]/10ˆLogKa1_LMW + 1)/(10ˆ(LogR1 + ∆LogR1_LMW)) × [L])), (5)

E2_LMW = Basal2 + (Emax2 − Basal2)/(1 + ([L]/10ˆLogKa2_LMW + 1)/(10ˆ(LogR2 + ∆LogR1_LMW +
∆∆LogBF_LMW)) × [L])),

(6)

Parameter ∆LogR1_LMW is the log ratio of the transduction coefficient between FSH
and LMW for response E1, that is:

∆LogR1_LMW = LogR1_LMW − LogR1 (7)

where ∆∆LogBF_LMW is the log bias between FSH and LMW and between response E1
and E2, that is:

∆∆LogBF_LMW = ∆LogR2_LMW− ∆LogR1_LMW, (8)

∆LogR2_LMW = LogR2_LMW − LogR2 (9)

Performing the fit with Equations (5) and (6) allows a better estimation of the con-
fidence interval of the log bias ∆∆LogBF_LMW as it directly enters the equation as a
free parameter.

Then, we collectively fit the Equations (3) and (4) for FSH and Equations (5) and (6) for
B1, B2, B3, and T1, yielding maximum likelihood estimates for all parameter values (Basal1,
Emax1, R1, Basal2, Emax2, R2, Ka1_B1, Ka1_B2, Ka1_B3, Ka1_T1, Ka1_T2, Ka2_B1, Ka2_B2,
Ka2_B3, Ka2_T1, Ka2_T2, ∆LogR1_B1, ∆LogR1_B2, ∆LogR1_B3, ∆LogR1_T1, ∆LogR1_T2,
∆∆LogBF_B1, ∆∆LogBF_B2, ∆∆LogBF_B3, ∆∆LogBF_T1, ∆∆LogBF_T2) in a single global
fit (1000 multi-start deterministic optimization with default setting performed in D2D).
For each response, we choose an additive Gaussian noise with unknown variance as the
error model.

Since multi-start deterministic optimization requires a priori bounds for each parame-
ter, we used the interval (−5, +5) for each log bias parameter value.

The 95% parameter confidence intervals for log bias values (∆∆LogBF_B1, ∆∆LogBF_B2,
∆∆LogBF_B3, ∆∆LogBF_T1, ∆∆LogBF_T2) were determined using the profile likelihood
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method [62]. This approach is considered more robust than the asymptotic approach
and considers finite sample size as well as parameter non-identifiability due to possible
parameter correlations.

In order to test the statistical significance of a non-zero value for the log bias, we used
the following likelihood ratio test for each compound: we defined the null model associated
with LMW ligands as the very same model associated with Equations (3) and (4) for FSH
and Equations (5) and (6) for each LMW allosteric ligand, except that ∆∆LogBF_LMW
was set to 0. The maximum likelihood was found for the null model using the same
optimization procedure as above (1000 multi-start deterministic optimization with default
setting in D2D). Then, we used the likelihood ratio test to compare the negative log ratio
of the likelihood of the null model over the likelihood of the full model with a chi-square
distribution with one degree of freedom. Thus, we obtained the associated p-value for
the significance of a non-zero log bias value vs. a zero-log bias value, taking into account
possible parameter compensations when the log bias is fixed to zero. We performed this
procedure for each compound individually. Importantly, these procedures (global data
fitting, profile likelihood estimate, and likelihood ratio test) were performed for every pair
of responses in each cell model.

4.11. Dealing with Parameter Non-Identifiability in Bias Calculations

Interpretation of systematic bias calculations requires caution. In particular, a number
of concentration/activity curves have a flat profile for which precise estimation of the
transduction coefficient is impossible, yielding very large or infinite confidence intervals.
Several possibilities were considered based on visual inspection of concentration/activity
curves and corresponding data fitting of the operational model (Equations (3) and (4) for
FSH and Equations (5) and (6) for LMW ligands).

4.12. Principal Component Analysis (PCA) and Hierarchical Clustering

To analyze the high dimensional results obtained with the bias calculations, we per-
formed a standard Principal Component Analysis (PCA) using the R package “FactoMineR”
(Ver. 3.6.2, R Foundation for Statistical Computing, Vienna, Austria). Hierarchical clus-
tering was performed based on the PCA results [63] using the HCPC function in the R
package “FactoMineR” as well as the fviz_dend function in the R package “factoextra”.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22189850/s1.

Author Contributions: Participation in research design: F.D.P., M.A.A., F.J.-A., L.P.P., P.C., A.P., L.C.,
M.S., A.C.H., R.Y. and E.R.; conducted experiments: F.D.P., M.A.A., R.B., S.S., N.G., F.L., C.G. and
P.R.; development of new reagents or analytical tools: J.L., A.I., N.J., M.-C.V.-M., L.P.P., S.G.N., H.N.Y.
and S.S.P.; funding and supervision of the study: P.C., R.Y. and E.R.; writing of the manuscript: F.D.P.,
M.A.A., R.Y. and E.R. All authors reviewed and edited the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This publication was funded with support from the French National Research Agency
under the program “Investissements d’avenir” Grant Agreement LabEx MabImprove: ANR-10-
LABX-53; “ARD2020 Biomédicaments” and “APR-IR MODUPHAC” grants from Région Centre Val
de Loire. F.D.P. was the recipient of a doctoral fellowship from INRAE and Région Centre Val de
Loire. R.B. was the recipient of an Erasmus plus fellowship from the University of Modena and
Reggio Emilia and the European Union. M.A.A., F.J.-A. and M.S. were LE STUDIUM RESEARCH
FELLOWS, Loire Valley Institute for Advanced Studies, Orléans & Tours, France, receiving funding
from the European Union’s Horizon 2020 research and innovation programme under the Marie
Skłodowska-Curie grant agreement No 665790. A.I. was funded by the PRIME 18gm5910013 and the
LEAP 18gm0010004 from the Japan Agency for Medical Research and Development (AMED) and
KAKENHI 17K08264 by the Japan Society for the Promotion of Science (JSPS). A.C.H. was supported
by a Biotechnology and Biological Sciences Research Council (BBSRC) project grant (BB/S001565/1)
and a Society for Endocrinology Early Career Grant to S.S.

https://www.mdpi.com/article/10.3390/ijms22189850/s1
https://www.mdpi.com/article/10.3390/ijms22189850/s1


Int. J. Mol. Sci. 2021, 22, 9850 21 of 23

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: S.G.N., H.N.Y. and S.S.P. were founders and employees of TocopheRx Inc.

References
1. Gromoll, J.; Simoni, M.; Nordhoff, V.; Behre, H.M.; De Geyter, C.; Nieschlag, E. Functional and Clinical Consequences of Mutations

in the FSH Receptor. Mol. Cell. Endocrinol. 1996, 125, 177–182. [CrossRef]
2. Kaprara, A.; Huhtaniemi, I.T. The Hypothalamus-Pituitary-Gonad Axis: Tales of Mice and Men. Metabolism 2017, 86, 3–17.

[CrossRef]
3. Fan, Q.R.; Hendrickson, W.A. Structure of Human Follicle-Stimulating Hormone in Complex with Its Receptor. Nature 2005, 433,

269–277. [CrossRef] [PubMed]
4. Gloaguen, P.; Crépieux, P.; Heitzler, D.; Poupon, A.; Reiter, E. Mapping the Follicle-Stimulating Hormone-Induced Signaling

Networks. Front. Endocrinol. 2011, 2, 45. [CrossRef] [PubMed]
5. Landomiel, F.; De Pascali, F.; Raynaud, P.; Jean-Alphonse, F.; Yvinec, R.; Pellissier, L.P.; Bozon, V.; Bruneau, G.; Crépieux, P.;

Poupon, A.; et al. Biased Signaling and Allosteric Modulation at the FSHR. Front. Endocrinol. 2019, 10, 148. [CrossRef] [PubMed]
6. Dattatreyamurty, B.; Figgs, L.W.; Reichert, L.E. Physical and Functional Association of Follitropin Receptors with Cholera

Toxin-Sensitive Guanine Nucleotide-Binding Protein. J. Biol. Chem. 1987, 262, 11737–11745. [CrossRef]
7. Salvador, L.M.; Park, Y.; Cottom, J.; Maizels, E.T.; Jones, J.C.; Schillace, R.V.; Carr, D.W.; Cheung, P.; Allis, C.D.; Jameson, J.L.; et al.

Follicle-Stimulating Hormone Stimulates Protein Kinase A-Mediated Histone H3 Phosphorylation and Acetylation Leading to
Select Gene Activation in Ovarian Granulosa Cells. J. Biol. Chem. 2001, 276, 40146–40155. [CrossRef] [PubMed]

8. Cottom, J.; Salvador, L.M.; Maizels, E.T.; Reierstad, S.; Park, Y.; Carr, D.W.; Davare, M.A.; Hell, J.W.; Palmer, S.S.; Dent, P.; et al.
Follicle-Stimulating Hormone Activates Extracellular Signal-Regulated Kinase but Not Extracellular Signal-Regulated Kinase
Kinase through a 100-KDa Phosphotyrosine Phosphatase. J. Biol. Chem. 2003, 278, 7167–7179. [CrossRef] [PubMed]

9. De Pascali, F.; Reiter, E. β-Arrestins and Biased Signaling in Gonadotropin Receptors. Minerva. Ginecol. 2018, 70, 525–538.
[CrossRef] [PubMed]

10. Kara, E.; Crépieux, P.; Gauthier, C.; Martinat, N.; Piketty, V.; Guillou, F.; Reiter, E. A Phosphorylation Cluster of Five Serine and
Threonine Residues in the C-Terminus of the Follicle-Stimulating Hormone Receptor Is Important for Desensitization but Not for
Beta-Arrestin-Mediated ERK Activation. Mol. Endocrinol. 2006, 20, 3014–3026. [CrossRef]

11. Tranchant, T.; Durand, G.; Gauthier, C.; Crépieux, P.; Ulloa-Aguirre, A.; Royère, D.; Reiter, E. Preferential β-Arrestin Signalling
at Low Receptor Density Revealed by Functional Characterization of the Human FSH Receptor A189 V Mutation. Mol. Cell.
Endocrinol. 2011, 331, 109–118. [CrossRef]

12. Tréfier, A.; Musnier, A.; Landomiel, F.; Bourquard, T.; Boulo, T.; Ayoub, M.A.; León, K.; Bruneau, G.; Chevalier, M.;
Durand, G.; et al. G Protein-Dependent Signaling Triggers a β-Arrestin-Scaffolded P70S6K/ RpS6 Module That Controls 5’TOP
MRNA Translation. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2018, 32, 1154–1169. [CrossRef]

13. Okashah, N.; Wan, Q.; Ghosh, S.; Sandhu, M.; Inoue, A.; Vaidehi, N.; Lambert, N.A. Variable G Protein Determinants of GPCR
Coupling Selectivity. Proc. Natl. Acad. Sci. USA 2019, 116, 12054–12059. [CrossRef] [PubMed]

14. Quintana, J.; Hipkin, R.W.; Sánchez-Yagüe, J.; Ascoli, M. Follitropin (FSH) and a Phorbol Ester Stimulate the Phosphorylation of
the FSH Receptor in Intact Cells. J. Biol. Chem. 1994, 269, 8772–8779. [CrossRef]

15. Crépieux, P.; Marion, S.; Martinat, N.; Fafeur, V.; Vern, Y.L.; Kerboeuf, D.; Guillou, F.; Reiter, E. The ERK-Dependent Signalling Is
Stage-Specifically Modulated by FSH, during Primary Sertoli Cell Maturation. Oncogene 2001, 20, 4696–4709. [CrossRef]

16. Nataraja, S.; Sriraman, V.; Palmer, S. Allosteric Regulation of the Follicle-Stimulating Hormone Receptor. Endocrinology 2018, 159,
2704–2716. [CrossRef] [PubMed]

17. Kobilka, B.K. Structural Insights into Adrenergic Receptor Function and Pharmacology. Trends Pharmacol. Sci. 2011, 32, 213–218.
[CrossRef] [PubMed]

18. Nygaard, R.; Zou, Y.; Dror, R.O.; Mildorf, T.J.; Arlow, D.H.; Manglik, A.; Pan, A.C.; Liu, C.W.; Fung, J.J.; Bokoch, M.P.; et al.
The Dynamic Process of β(2)-Adrenergic Receptor Activation. Cell 2013, 152, 532–542. [CrossRef]

19. Wacker, D.; Wang, C.; Katritch, V.; Han, G.W.; Huang, X.-P.; Vardy, E.; McCorvy, J.D.; Jiang, Y.; Chu, M.; Siu, F.Y.; et al. Structural
Features for Functional Selectivity at Serotonin Receptors. Science 2013, 340, 615–619. [CrossRef] [PubMed]

20. Galandrin, S.; Oligny-Longpré, G.; Bouvier, M. The Evasive Nature of Drug Efficacy: Implications for Drug Discovery. Trends
Pharmacol. Sci. 2007, 28, 423–430. [CrossRef]

21. Kenakin, T. Ligand-Selective Receptor Conformations Revisited: The Promise and the Problem. Trends Pharmacol. Sci. 2003, 24,
346–354. [CrossRef]

22. Violin, J.D.; Lefkowitz, R.J. Beta-Arrestin-Biased Ligands at Seven-Transmembrane Receptors. Trends Pharmacol. Sci. 2007, 28,
416–422. [CrossRef]

23. Reiter, E.; Ahn, S.; Shukla, A.K.; Lefkowitz, R.J. Molecular Mechanism of β-Arrestin-Biased Agonism at Seven-Transmembrane
Receptors. Annu. Rev. Pharmacol. Toxicol. 2012, 52, 179–197. [CrossRef]

http://doi.org/10.1016/S0303-7207(96)03949-4
http://doi.org/10.1016/j.metabol.2017.11.018
http://doi.org/10.1038/nature03206
http://www.ncbi.nlm.nih.gov/pubmed/15662415
http://doi.org/10.3389/fendo.2011.00045
http://www.ncbi.nlm.nih.gov/pubmed/22666216
http://doi.org/10.3389/fendo.2019.00148
http://www.ncbi.nlm.nih.gov/pubmed/30930853
http://doi.org/10.1016/S0021-9258(18)60873-7
http://doi.org/10.1074/jbc.M106710200
http://www.ncbi.nlm.nih.gov/pubmed/11498542
http://doi.org/10.1074/jbc.M203901200
http://www.ncbi.nlm.nih.gov/pubmed/12493768
http://doi.org/10.23736/S0026-4784.18.04272-7
http://www.ncbi.nlm.nih.gov/pubmed/29999287
http://doi.org/10.1210/me.2006-0098
http://doi.org/10.1016/j.mce.2010.08.016
http://doi.org/10.1096/fj.201700763R
http://doi.org/10.1073/pnas.1905993116
http://www.ncbi.nlm.nih.gov/pubmed/31142646
http://doi.org/10.1016/S0021-9258(17)37035-7
http://doi.org/10.1038/sj.onc.1204632
http://doi.org/10.1210/en.2018-00317
http://www.ncbi.nlm.nih.gov/pubmed/29800292
http://doi.org/10.1016/j.tips.2011.02.005
http://www.ncbi.nlm.nih.gov/pubmed/21414670
http://doi.org/10.1016/j.cell.2013.01.008
http://doi.org/10.1126/science.1232808
http://www.ncbi.nlm.nih.gov/pubmed/23519215
http://doi.org/10.1016/j.tips.2007.06.005
http://doi.org/10.1016/S0165-6147(03)00167-6
http://doi.org/10.1016/j.tips.2007.06.006
http://doi.org/10.1146/annurev.pharmtox.010909.105800


Int. J. Mol. Sci. 2021, 22, 9850 22 of 23

24. Changeux, J.-P.; Christopoulos, A. Allosteric Modulation as a Unifying Mechanism for Receptor Function and Regulation.
Cell 2016, 166, 1084–1102. [CrossRef]

25. Wootten, D.; Christopoulos, A.; Sexton, P.M. Emerging Paradigms in GPCR Allostery: Implications for Drug Discovery. Nat. Rev.
Drug Discov. 2013, 12, 630–644. [CrossRef]

26. Smith, J.S.; Lefkowitz, R.J.; Rajagopal, S. Biased Signalling: From Simple Switches to Allosteric Microprocessors. Nat. Rev.
Drug Discov. 2018, 17, 243–260. [CrossRef] [PubMed]

27. Nataraja, S.G.; Yu, H.N.; Palmer, S.S. Discovery and Development of Small Molecule Allosteric Modulators of Glycoprotein
Hormone Receptors. Front. Endocrinol. 2015, 6, 142. [CrossRef]

28. Ulloa-Aguirre, A.; Reiter, E.; Crépieux, P. FSH Receptor Signaling: Complexity of Interactions and Signal Diversity. Endocrinology
2018, 159, 3020–3035. [CrossRef] [PubMed]

29. Dias, J.A.; Bonnet, B.; Weaver, B.A.; Watts, J.; Kluetzman, K.; Thomas, R.M.; Poli, S.; Mutel, V.; Campo, B. A Negative Allosteric
Modulator Demonstrates Biased Antagonism of the Follicle Stimulating Hormone Receptor. Mol. Cell. Endocrinol. 2011, 333,
143–150. [CrossRef]

30. Dias, J.A.; Campo, B.; Weaver, B.A.; Watts, J.; Kluetzman, K.; Thomas, R.M.; Bonnet, B.; Mutel, V.; Poli, S.M. Inhibition of
Follicle-Stimulating Hormone-Induced Preovulatory Follicles in Rats Treated with a Nonsteroidal Negative Allosteric Modulator
of Follicle-Stimulating Hormone Receptor1. Biol. Reprod. 2014, 90, 1–11. [CrossRef]

31. van Koppen, C.J.; Verbost, P.M.; van de Lagemaat, R.; Karstens, W.-J.F.; Loozen, H.J.J.; van Achterberg, T.A.E.; van Amstel, M.G.A.;
Brands, J.H.G.M.; van Doornmalen, E.J.P.; Wat, J.; et al. Signaling of an Allosteric, Nanomolar Potent, Low Molecular Weight
Agonist for the Follicle-Stimulating Hormone Receptor. Biochem. Pharmacol. 2013, 85, 1162–1170. [CrossRef]

32. Sriraman, V.; Denis, D.; de Matos, D.; Yu, H.; Palmer, S.; Nataraja, S. Investigation of a Thiazolidinone Derivative as an Allosteric
Modulator of Follicle Stimulating Hormone Receptor: Evidence for Its Ability to Support Follicular Development and Ovulation.
Biochem. Pharmacol. 2014, 89, 266–275. [CrossRef]

33. Yu, H.N.; Richardson, T.E.; Nataraja, S.; Fischer, D.J.; Sriraman, V.; Jiang, X.; Bharathi, P.; Foglesong, R.J.; Haxell, T.F.N.;
Heasley, B.H.; et al. Discovery of Substituted Benzamides as Follicle Stimulating Hormone Receptor Allosteric Modulators.
Bioorg. Med. Chem. Lett. 2014, 24, 2168–2172. [CrossRef]

34. Nataraja, S.; Yu, H.; Guner, J.; Palmer, S. Discovery and Preclinical Development of Orally Active Small Molecules That Exhibit
Highly Selective Follicle Stimulating Hormone Receptor Agonism. Front. Pharmacol. 2021, 11, 602593. [CrossRef]

35. Danesi, R.; La Rocca, R.V.; Cooper, M.R.; Ricciardi, M.P.; Pellegrini, A.; Soldani, P.; Kragel, P.J.; Paparelli, A.; Del Tacca, M.;
Myers, C.E. Clinical and Experimental Evidence of Inhibition of Testosterone Production by Suramin. J. Clin. Endocrinol. Metab.
1996, 81, 2238–2246. [CrossRef]

36. Yanofsky, S.D.; Shen, E.S.; Holden, F.; Whitehorn, E.; Aguilar, B.; Tate, E.; Holmes, C.P.; Scheuerman, R.; MacLean, D.;
Wu, M.M.; et al. Allosteric Activation of the Follicle-Stimulating Hormone (FSH) Receptor by Selective, Nonpeptide Ago-
nists. J. Biol. Chem. 2006, 281, 13226–13233. [CrossRef]

37. Anderson, R.C.; Newton, C.L.; Millar, R.P. Small Molecule Follicle-Stimulating Hormone Receptor Agonists and Antagonists.
Front. Endocrinol. 2019, 9, 757. [CrossRef] [PubMed]

38. Wrobel, J.; Jetter, J.; Kao, W.; Rogers, J.; Di, L.; Chi, J.; Peréz, M.C.; Chen, G.-C.; Shen, E.S. 5-Alkylated Thiazolidinones as
Follicle-Stimulating Hormone (FSH) Receptor Agonists. Bioorg. Med. Chem. 2006, 14, 5729–5741. [CrossRef] [PubMed]

39. Arey, B.J.; Yanofsky, S.D.; Claudia Pérez, M.; Holmes, C.P.; Wrobel, J.; Gopalsamy, A.; Stevis, P.E.; López, F.J.; Winneker, R.C.
Differing Pharmacological Activities of Thiazolidinone Analogs at the FSH Receptor. Biochem. Biophys. Res. Commun. 2008, 368,
723–728. [CrossRef] [PubMed]

40. Sposini, S.; De Pascali, F.; Richardson, R.; Sayers, N.S.; Perrais, D.; Yu, H.N.; Palmer, S.; Nataraja, S.; Reiter, E.;
Hanyaloglu, A.C. Pharmacological Programming of Endosomal Signaling Activated by Small Molecule Ligands of the
Follicle Stimulating Hormone Receptor. Front. Pharmacol. 2020, 11, 593492. [CrossRef] [PubMed]

41. Klein Herenbrink, C.; Sykes, D.A.; Donthamsetti, P.; Canals, M.; Coudrat, T.; Shonberg, J.; Scammells, P.J.; Capuano, B.;
Sexton, P.M.; Charlton, S.J.; et al. The Role of Kinetic Context in Apparent Biased Agonism at GPCRs. Nat. Commun. 2016,
7, 10842. [CrossRef] [PubMed]

42. Piketty, V.; Kara, E.; Guillou, F.; Reiter, E.; Crepieux, P. Follicle-Stimulating Hormone (FSH) Activates Extracellular Signal-
Regulated Kinase Phosphorylation Independently of Beta-Arrestin- and Dynamin-Mediated FSH Receptor Internalization.
Reprod. Biol. Endocrinol. RBE 2006, 4, 33. [CrossRef]

43. Sposini, S.; Jean-Alphonse, F.G.; Ayoub, M.A.; Oqua, A.; West, C.; Lavery, S.; Brosens, J.J.; Reiter, E.; Hanyaloglu, A.C. Integration
of GPCR Signaling and Sorting from Very Early Endosomes via Opposing APPL1 Mechanisms. Cell Rep. 2017, 21, 2855–2867.
[CrossRef]

44. Luttrell, L.M.; Wang, J.; Plouffe, B.; Smith, J.S.; Yamani, L.; Kaur, S.; Jean-Charles, P.-Y.; Gauthier, C.; Lee, M.-H.; Pani, B.; et al.
Manifold Roles of β-Arrestins in GPCR Signaling Elucidated with SiRNA and CRISPR/Cas9. Sci. Signal. 2018, 11, eaat7650.
[CrossRef]

45. Riccetti, L.; De Pascali, F.; Gilioli, L.; Santi, D.; Brigante, G.; Simoni, M.; Casarini, L. Genetics of Gonadotropins and Their
Receptors as Markers of Ovarian Reserve and Response in Controlled Ovarian Stimulation. Best Pract. Res. Clin. Obstet. Gynaecol.
2017, 44, 15–25. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cell.2016.08.015
http://doi.org/10.1038/nrd4052
http://doi.org/10.1038/nrd.2017.229
http://www.ncbi.nlm.nih.gov/pubmed/29302067
http://doi.org/10.3389/fendo.2015.00142
http://doi.org/10.1210/en.2018-00452
http://www.ncbi.nlm.nih.gov/pubmed/29982321
http://doi.org/10.1016/j.mce.2010.12.023
http://doi.org/10.1095/biolreprod.113.109397
http://doi.org/10.1016/j.bcp.2013.02.001
http://doi.org/10.1016/j.bcp.2014.02.023
http://doi.org/10.1016/j.bmcl.2014.03.018
http://doi.org/10.3389/fphar.2020.602593
http://doi.org/10.1210/jcem.81.6.8964858
http://doi.org/10.1074/jbc.M600601200
http://doi.org/10.3389/fendo.2018.00757
http://www.ncbi.nlm.nih.gov/pubmed/30728807
http://doi.org/10.1016/j.bmc.2006.04.012
http://www.ncbi.nlm.nih.gov/pubmed/16675221
http://doi.org/10.1016/j.bbrc.2008.01.119
http://www.ncbi.nlm.nih.gov/pubmed/18252197
http://doi.org/10.3389/fphar.2020.593492
http://www.ncbi.nlm.nih.gov/pubmed/33329002
http://doi.org/10.1038/ncomms10842
http://www.ncbi.nlm.nih.gov/pubmed/26905976
http://doi.org/10.1186/1477-7827-4-33
http://doi.org/10.1016/j.celrep.2017.11.023
http://doi.org/10.1126/scisignal.aat7650
http://doi.org/10.1016/j.bpobgyn.2017.04.002
http://www.ncbi.nlm.nih.gov/pubmed/28506471


Int. J. Mol. Sci. 2021, 22, 9850 23 of 23

46. Gerrits, M.G.F.; Kramer, H.; el Galta, R.; van Beerendonk, G.; Hanssen, R.; Abd-Elaziz, K.; Klipping, C.; Duijkers, I.; Stoch, S.A.
Oral Follicle-Stimulating Hormone Agonist Tested in Healthy Young Women of Reproductive Age Failed to Demonstrate Effect
on Follicular Development but Affected Thyroid Function. Fertil. Steril. 2016, 105, 1056–1062.e4. [CrossRef] [PubMed]

47. Wan, Q.; Okashah, N.; Inoue, A.; Nehmé, R.; Carpenter, B.; Tate, C.G.; Lambert, N.A. Mini G Protein Probes for Active G
Protein-Coupled Receptors (GPCRs) in Live Cells. J. Biol. Chem. 2018, 293, 7466–7473. [CrossRef] [PubMed]

48. Ayoub, M.A.; Landomiel, F.; Gallay, N.; Jégot, G.; Poupon, A.; Crépieux, P.; Reiter, E. Assessing Gonadotropin Receptor Function
by Resonance Energy Transfer-Based Assays. Front. Endocrinol. 2015, 6, 130. [CrossRef]

49. Daaka, Y.; Luttrell, L.M.; Lefkowitz, R.J. Switching of the Coupling of the Beta2-Adrenergic Receptor to Different G Proteins by
Protein Kinase A. Nature 1997, 390, 88–91. [CrossRef]

50. Zamah, A.M.; Delahunty, M.; Luttrell, L.M.; Lefkowitz, R.J. Protein Kinase A-Mediated Phosphorylation of the Beta 2-Adrenergic
Receptor Regulates Its Coupling to Gs and Gi. Demonstration in a Reconstituted System. J. Biol. Chem. 2002, 277, 31249–31256.
[CrossRef]

51. Rajagopal, S.; Ahn, S.; Rominger, D.H.; Gowen-MacDonald, W.; Lam, C.M.; Dewire, S.M.; Violin, J.D.; Lefkowitz, R.J. Quantifying
Ligand Bias at Seven-Transmembrane Receptors. Mol. Pharmacol. 2011, 80, 367–377. [CrossRef]

52. Kenakin, T.; Watson, C.; Muniz-Medina, V.; Christopoulos, A.; Novick, S. A Simple Method for Quantifying Functional Selectivity
and Agonist Bias. ACS Chem. Neurosci. 2012, 3, 193–203. [CrossRef]

53. Stahl, E.L.; Zhou, L.; Ehlert, F.J.; Bohn, L.M. A Novel Method for Analyzing Extremely Biased Agonism at G Protein-Coupled
Receptors. Mol. Pharmacol. 2015, 87, 866–877. [CrossRef] [PubMed]

54. O’Hayre, M.; Eichel, K.; Avino, S.; Zhao, X.; Steffen, D.J.; Feng, X.; Kawakami, K.; Aoki, J.; Messer, K.; Sunahara, R.; et al. Genetic
Evidence That β-Arrestins Are Dispensable for the Initiation of B2-Adrenergic Receptor Signaling to ERK. Sci. Signal. 2017,
10, eaal3395. [CrossRef] [PubMed]

55. Stallaert, W.; van der Westhuizen, E.T.; Schönegge, A.-M.; Plouffe, B.; Hogue, M.; Lukashova, V.; Inoue, A.; Ishida, S.; Aoki, J.;
Le Gouill, C.; et al. Purinergic Receptor Transactivation by the B2-Adrenergic Receptor Increases Intracellular Ca2+ in Nonex-
citable Cells. Mol. Pharmacol. 2017, 91, 533–544. [CrossRef] [PubMed]

56. Grundmann, M.; Merten, N.; Malfacini, D.; Inoue, A.; Preis, P.; Simon, K.; Rüttiger, N.; Ziegler, N.; Benkel, T.; Schmitt, N.K.; et al.
Lack of Beta-Arrestin Signaling in the Absence of Active G Proteins. Nat. Commun. 2018, 9, 341. [CrossRef]

57. Jiang, L.I.; Collins, J.; Davis, R.; Lin, K.-M.; DeCamp, D.; Roach, T.; Hsueh, R.; Rebres, R.A.; Ross, E.M.; Taussig, R.; et al. Use of a
CAMP BRET Sensor to Characterize a Novel Regulation of CAMP by the Sphingosine 1-Phosphate/G13 Pathway. J. Biol. Chem.
2007, 282, 10576–10584. [CrossRef]

58. Troispoux, C.; Guillou, F.; Elalouf, J.M.; Firsov, D.; Iacovelli, L.; De Blasi, A.; Combarnous, Y.; Reiter, E. Involvement of G
Protein-Coupled Receptor Kinases and Arrestins in Desensitization to Follicle-Stimulating Hormone Action. Mol. Endocrinol.
1999, 13, 1599–1614. [CrossRef]

59. Hoare, S.R.J.; Pierre, N.; Moya, A.G.; Larson, B. Kinetic Operational Models of Agonism for G-Protein-Coupled Receptors. J.
Theor. Biol. 2018, 446, 168–204. [CrossRef] [PubMed]

60. van der Westhuizen, E.T.; Breton, B.; Christopoulos, A.; Bouvier, M. Quantification of Ligand Bias for Clinically Relevant
B2-Adrenergic Receptor Ligands: Implications for Drug Taxonomy. Mol. Pharmacol. 2014, 85, 492–509. [CrossRef]

61. Raue, A.; Steiert, B.; Schelker, M.; Kreutz, C.; Maiwald, T.; Hass, H.; Vanlier, J.; Tönsing, C.; Adlung, L.; Engesser, R.; et al.
Data2Dynamics: A Modeling Environment Tailored to Parameter Estimation in Dynamical Systems. Bioinforma. Oxf. Engl. 2015,
31, 3558–3560. [CrossRef] [PubMed]

62. Raue, A.; Karlsson, J.; Saccomani, M.P.; Jirstrand, M.; Timmer, J. Comparison of Approaches for Parameter Identifiability Analysis
of Biological Systems. Bioinforma. Oxf. Engl. 2014, 30, 1440–1448. [CrossRef] [PubMed]

63. Kassambara, A. Practical Guide to Cluster Analysis in R: Unsupervised Machine Learning, 1st ed.; Multivariate analysis; STHDA:
France, 2017; ISBN 978-1-5424-6270-9.

http://doi.org/10.1016/j.fertnstert.2015.12.017
http://www.ncbi.nlm.nih.gov/pubmed/26769303
http://doi.org/10.1074/jbc.RA118.001975
http://www.ncbi.nlm.nih.gov/pubmed/29523687
http://doi.org/10.3389/fendo.2015.00130
http://doi.org/10.1038/36362
http://doi.org/10.1074/jbc.M202753200
http://doi.org/10.1124/mol.111.072801
http://doi.org/10.1021/cn200111m
http://doi.org/10.1124/mol.114.096503
http://www.ncbi.nlm.nih.gov/pubmed/25680753
http://doi.org/10.1126/scisignal.aal3395
http://www.ncbi.nlm.nih.gov/pubmed/28634209
http://doi.org/10.1124/mol.116.106419
http://www.ncbi.nlm.nih.gov/pubmed/28280061
http://doi.org/10.1038/s41467-017-02661-3
http://doi.org/10.1074/jbc.M609695200
http://doi.org/10.1210/mend.13.9.0342
http://doi.org/10.1016/j.jtbi.2018.02.014
http://www.ncbi.nlm.nih.gov/pubmed/29486201
http://doi.org/10.1124/mol.113.088880
http://doi.org/10.1093/bioinformatics/btv405
http://www.ncbi.nlm.nih.gov/pubmed/26142188
http://doi.org/10.1093/bioinformatics/btu006
http://www.ncbi.nlm.nih.gov/pubmed/24463185

	Introduction 
	Results 
	Diversity in the Recruitment of G Proteins, -Arrestin 2, and in cAMP Production 
	Differences in Kinetics That Affect Potencies and Efficacies 
	Diversity of FSHR-Mediated ERK Phosphorylation and cAMP-Responsive Element-Dependent Transcription 
	Profiling in HEK293/Gs and HEK293/ARRB Cells 
	Analysis of Bias Factors and Multi-Dimensional Comparison of Pharmacological Efficacies 

	Discussion 
	Materials and Methods 
	Ligands and Materials 
	Cell Culture and Transfection 
	BRET Sensors 
	Cell Stimulation and BRET Measurement 
	Western Blot Analysis 
	Flow Cytometry 
	Cre-Dependent Reporter Assay 
	Statistical Analysis of Concentration/Activity Curves 
	Statistical Analysis of Kinetic Curves 
	Bias Calculation and Statistics 
	Dealing with Parameter Non-Identifiability in Bias Calculations 
	Principal Component Analysis (PCA) and Hierarchical Clustering 

	References

