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Abstract

It is increasingly apparent that ligand structure influences both the efficiency with which G 

protein-coupled receptors (GPCRs) engage their downstream effectors and the manner in which 

they are activated. Thus, ‘biased’ agonists, synthetic ligands whose intrinsic efficacy differs from 

the native ligand, afford a strategy for manipulating GPCR signaling in ways that promote 

beneficial signals while blocking potentially deleterious ones. Still, there are significant challenges 

in relating in vitro ligand efficacy, which is typically measured in heterologous expression 

systems, to the biological response in vivo, where the ligand is acting on natively expressed 

receptors and in the presence of the endogenous ligand. This is particularly true of arrestin 

pathway-selective ‘biased’ agonists. The type 1 parathyroid hormone receptor (PTH1R) is a case 

in point. Parathyroid hormone (PTH) is the principal physiological regulator of calcium 

homeostasis, and PTH1R expressed on cells of the osteoblast lineage are an established therapeutic 

target in osteoporosis. In vitro, PTH1R signaling is highly sensitive to ligand structure, and PTH 

analogs that affect the selectivity/kinetics of G protein coupling or that engage arrestin-dependent 

signaling mechanisms without activating heterotrimeric G proteins have been identified. In vivo, 

intermittent administration of conventional PTH analogs accelerates the rate of osteoblastic bone 

formation, largely through known cAMP-dependent mechanisms. Paradoxically, both intermittent 

and continuous administration of an arrestin pathway-selective PTH analog, which in vivo would 

be expected to antagonize endogenous PTH1R-cAMP signaling, also increases bone mass. 

Transcriptomic analysis of tissue from treated animals suggests that conventional and arrestin 

pathway-selective PTH1R ligands act in largely different ways, with the latter principally affecting 

pathways involved in the regulation of cell cycle, survival, and migration/cytoskeletal dynamics. 

Such multi-dimensional in vitro and in vivo analyses of ligand bias may provide insights into the 

*Corresponding author at: Division of Endocrinology, Diabetes & Medical Genetics, Medical University of South Carolina, 96 
Jonathan Lucas Street, Suite CSB822, MSC 624, Charleston, SC 29425, USA. luttrell@musc.edu (L.M. Luttrell). 

Conflict of interest
The authors declare no conflicts of interest related to the content of this article.

HHS Public Access
Author manuscript
Cell Signal. Author manuscript; available in PMC 2019 January 01.

Published in final edited form as:
Cell Signal. 2018 January ; 41: 46–55. doi:10.1016/j.cellsig.2017.05.002.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



physiological roles of non-canonical arrestin-mediated signaling pathways in vivo, and provide a 

conceptual framework for translating arrestin pathway-selective ligands into viable therapeutics.
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1. Introduction

The individual cells comprising the body's tissues and organs respond to extracellular cues 

sent in the form of hormones and neurotransmitters that provide for coordinated regulation 

of multiorgan physiological processes. Conventional receptor theory envisions GPCRs as 

existing in spontaneous equilibrium between ‘inactive’ and ‘active’ states that are stabilized 

by ligand binding, such that agonist ligands increase the proportion of receptors in the active 

state while antagonists decrease it [1, 2]. In this context, where receptors possess unitary 

active states that engage the full repertoire of downstream effectors, biological responses at 

the cellular level are determined by receptor structure, i.e. which effectors can be engaged, 

and cell background, i.e. which effectors are present, while the response at the organismal 

level is determined by receptor distribution, i.e. which tissues/organs can detect the ligand 

and respond to it.

Over the past two decades, however, it has become evident that ligand structure is an 

important determinant not only of which receptors are activated, but also of how they are 

activated. GPCR signaling is ‘pluridimensional’, i.e. receptors signal via multiple G protein 

and non-G protein effectors, and each GPCR can adopt multiple discrete active states [3]. 

Since the receptor conformation that optimally engages one effector cannot be assumed to 

couple all effectors equally, the cellular response becomes a function of the proportion of the 

receptor population existing in each of several potential active states at any given time. In 

this context, ligand structure, by virtue of its capacity to ‘bias’ the distribution of receptors 

across an active conformational ensemble, assumes a vital role [4–6]. The implications of 

‘functional selectivity’ or ligand ‘bias’ for new drug discovery are substantial. While the 

biological response at the organismal level is still determined by tissue distribution of the 

receptor, the response at the cellular level becomes a function not only of cell background 

and receptor structure, but also of ligand structure. The ability of synthetic ligands to ‘bias’ 

GPCR signaling output suggests that it may be possible to rationally design drugs that 

activate beneficial downstream signals while suppressing signals that contribute to adverse 

side effects.

With such opportunity come challenges, however. If the ligand-receptor complex determines 

signal output, then a GPCR bound to a biased ligand is its own unique entity, an ‘unnatural’ 

receptor whose functionality is unknown [7]. This is particularly true of biased ligands that 

selectively activate arrestin-dependent signaling pathways whose biological roles remain 

incompletely understood. Fig. 1 illustrates the conceptual challenge. While many of the long 

term, and potentially therapeutic, actions of GPCR ligands are exerted at the level of 

transcriptional regulation and cell/tissue remodeling, they originate from the plasma 
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membrane, where ligand structure, concentration, and duration of exposure determine the 

type, intensity, and timing of signals sent inside. Biophysical measurements of the effects of 

ligand binding on receptor conformation suggest that ligands stabilize a finite set of discrete 

receptor conformations, albeit in different proportions [8]. Compared to their native 

counterparts, biased ligands may favor conformations that normally represent a minor 

proportion of the conformational ensemble, but are unlikely to produce ‘new’ conformations 

that couple the receptor to novel effectors. At the level of receptor coupling to its proximal 

effectors, e.g. heterotrimeric G proteins and arrestins, it is likewise clear that ligand structure 

influences the efficiency with which different downstream effectors are engaged, but does 

not cause the receptor to change effectors [9]. Yet even here, subtle differences between 

conventional and biased ligands emerge as information within the ligand-receptor complex 

is transmitted allosterically to intracellular effectors. Data from intramolecular-

bioluminescence resonance energy transfer (BRET) probes suggest that different ligands 

interacting with the same receptor can produce ligand-specific changes in the population 

average conformational signature of arrestins that reflect its avidity for the receptor and 

signaling functions [10–11]. Similarly, ligand structure can influence the rate of GTP 

turnover and kinetics of second messenger production by inducing subtly different 

conformational shifts in the G protein heterotrimer [12].

As signals propagate inwards from the plasma membrane, G proteins activate intracellular 

enzymes, e.g. adenylyl cyclases and phospholipase C isoforms, to generate second 

messengers, while arrestin recruitment promotes the assembly of GPCR based ‘signalsome’ 

complexes [13]. Because these steps are amenable to high throughput assay, this is the level 

at which most early drug discovery efforts are focused. But the existence of functional 

selectivity dictates that ligand classification, e.g. agonist, antagonist or inverse agonist, is 

assay-dependent. Thus, a single readout, e.g. cAMP generation, is insufficient to describe 

ligand behavior and measuring efficacy in at least two different screens is needed to detect 

ligand bias. While robust methods to quantify bias have been developed based on the Black-

Leff operational model [14], compound screens are limited to collecting the information 

they seek, and assays are usually performed in ectopic expression systems at non-

physiological levels of receptor expression. Indeed, most data from screens based on second 

messenger generation, arrestin recruitment, and cell-based proliferation/survival/migration 

assays suggest that biased ligands work by activating part of the native ligand response. 

Even global phospho-proteomic approaches to examine ligand bias in transfected cells have 

thus far failed to find unique biology in the short term signaling response to biased ligands 

[15, 16]. Whether this really means that biased ligands are only capable of initiating a subset 

of the conventional ligand response, or that important nuances of biased ligand efficacy are 

lost under high throughput assay conditions, is a question of some importance.

Yet the real gulf that presently exists is between the in vitro description of ligand efficacy 

and the potential unpredictability of its in vivo effects [17]. In nature, GPCRs and their 

ligands co-evolved to control signaling in the most physiologically adaptive manner. As a 

result GPCR signaling is ‘balanced’ to meet the needs of the organism. Biased agonists, on 

the other hand, produce a different distribution of active receptor states. The resulting signals 

may not be qualitatively different, but are ‘unbalanced’ compared to the native ligand, 

creating the potential for differences in tissue response. Additional complications arise from 
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the fact that in vivo the biased ligand is acting in the presence of the native hormone, a factor 

that is rarely considered when characterizing intrinsic ligand efficacy in vitro. While 

conventional agonist/antagonist ligands may be thought of increasing or decreasing signal 

strength proportionally, biased ligands should exert mixed agonist/antagonists effects in 
vivo, activating some pathways directly while antagonizing the actions of the native ligand 

on others. At the end of the day, it may not be possible to predict the biological response to a 

biased agonists based either on its in vitro efficacy or prior knowledge of the physiological 

actions of the native hormone.

In this review, we discuss some of the issues surrounding biased agonist development using 

a single biomedically important GPCR, the type 1 parathyroid hormone receptor (PTH1R) as 

a test case. PTH1R signaling is highly susceptible to ligand structure and the biological 

outcomes of administration of conventional and biased PTH analogs have been studied both 

at the tissue and transcriptomic levels. Thus it offers one of the best opportunities to examine 

the complex relationships between GPCR efficacy in vitro and in vivo.

2. The biological actions of parathyroid hormone

The PTH1R is a class II GPCR that shares overall structural similarities with other peptide 

hormone GPCRs including those for glucagon, calcitonin and secretin [18, 19]. While 

widely expressed at low levels, PTH1R is most highly expressed in kidney and bone. It has 

two native ligands, PTH and parathyroid hormone-related protein (PTHrP). PTH is an 84-

amino acid polypeptide, expressed principally in the parathyroid gland, that functions as the 

primary systemic regulator of calcium-phosphate homeostasis. G protein-coupled calcium-

sensing receptors on parathyroid cells negatively regulate the secretion of PTH, such that a 

fall in serum calcium increases PTH secretion while rising calcium levels suppress it. The 

peripheral actions of PTH work in concert to raise serum calcium, establishing a classic 

hormonal negative feedback loop. In the kidney, PTH increases renal tubular calcium 

retention and phosphaturia. It also upregulates renal expression of the 1α-hydroxyase 

necessary to convert 25(OH)-vitamin D to its active form 1,25(OH)2-vitamin D, which in 

turn increases intestinal calcium absorption. PTH exerts complex effects in bone, its other 

major target organ. It directly stimulates osteoblasts to form new bone by increasing 

osteoblast number and activity, promoting the deposition of new matrix, and accelerating the 

rate of mineralization [20, 21]. At the same time, PTH increases the recruitment, 

differentiation, and activity of bone-resorbing osteoclasts. Osteoclasts themselves lack PTH 

receptors, instead being regulated by soluble factors, such as receptor activator of NFκB 

ligand (RANKL) and osteoprotegrin, secreted by osteoblasts in response to PTH.

On the other hand, PTHrP, which is produced as 139, 141, and 173 amino acid splice 

variants and subsequently processed to yield numerous biologically active fragments, is 

thought to function primarily in an autocrine or paracrine role in postnatal physiology [22]. 

Circulating PTHrP only exerts hormonal effects in the fetus, where it regulates maternal-

fetal calcium transport; in the lactating breast, where it may help liberate skeletal calcium for 

secretion in milk; and in certain cancers, where its excessive production is a cause of 

hypercalcemia of malignancy. In addition, PTHrP is widely expressed in fetal tissues, where 

it acts as a cellular cytokine promoting cell growth and differentiation [23]. Its local roles 
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include relaxation of vascular and intestinal smooth muscle, regulation of keratinocyte and 

glandular breast development, and pancreatic β-cell proliferation and insulin production. In 

bone, PTHrP coordinates endochondral bone formation during embryonic skeletal 

development and contributes to the regulation of bone remodeling in the postnatal skeleton. 

PTHrP is synthesized by cells early in the osteoblast lineage and acts locally rather that 

systemically, stimulating proliferation of preosteoblasts, increasing RANKL production and 

osteoclast formation, and inhibiting apoptosis of mature osteoblasts and osteocytes.

For both PTH and PTHrP, the structural features necessary to fully activate the PTH1R 

appear to be contained within the N-terminal 34 amino acids of each peptide [18]. In vitro, 

the short-term signaling responses to both ligands are similar. PTH1Rs couple most 

efficiently to the Gs-adenylyl cyclase pathway resulting in cAMP production and protein 

kinase A (PKA) activation; but can also activate the Gq/11-phospholipase Cβ pathway, 

leading to inositol-1,4,5-trisphosphate production, intracellular calcium mobilization, and 

protein kinase C (PKC) activation; and the G12/13-phospholipase D pathway, leading to 

RhoA activation [18, 24–26]. In renal tubular epithelium, which expresses the PDZ domain-

containing scaffold protein, Na+/H+ exchanger regulatory factor 2 (NHERF2), NHERF2 

binding to the PTH1R C-terminus changes its G protein coupling efficiency, enabling the 

receptor to engage Gi/o family G proteins and inhibit, rather than stimulate, adenylyl cyclase, 

while simultaneously enhancing receptor coupling to Gq/11 [27]. Activated PTH1Rs also 

recruit both β-arrestin1 and β-arrestin2, leading to the clathrin-dependent internalization of 

PTH1R-arrestin complexes, and arrestin-dependent scaffolding of the ERK1/2 cascade [28–

30]. In fact, using both transfected cell lines and primary calvarial osteoblasts, it is possible 

to show that PTH1R activates ERK1/2 via multiple independent pathways, involving PKA, 

PKC and/ or arrestins [30–33]. While multiple upstream signals converge on ERK1/2 they 

are not redundant, in that the G protein-mediated signals produce a transient signal while 

activation of the arrestin pathway leads to prolonged activation of a spatially constrained 

ERK1/2 pool [30].

One potentially important distinction between PTH and PTHrP signaling relates to the 

kinetics of effector activation occasioned by a difference in ligand on-off rates. Both PTH(1–

34) and a corresponding N-terminal fragment of PTHrP, PTHrP(1–36), robustly activate Gs-

cAMP signaling, but the two ligands differ markedly in the kinetics of receptor association 

and dissociation, with PTH(1–34) exhibiting a faster on rate and very slow off rate compared 

to PTHrP(1–36). Consequently, PTH1R bound to PTH(1–34) remains in the activated state 

for a prolonged period of time and live cell imaging demonstrates that while cAMP 

generation in response to PTHrP(1–36) is limited to the plasma membrane, PTH(1–34) 

continues to stimulate cAMP production from within an endosomal compartment long after 

the receptor has internalized [34–36].

3. PTH1R ligand bias in vitro

The PTH1R, with its pleiotropic effector coupling profile, has long been recognized to be 

sensitive to ligand-induced signal bias. As noted, the C-terminal 34 amino acids of PTH, i.e. 
PTH(1–34), possess all of the known properties of the native hormone acting on the PTH1R, 

behaving as a conventional/full agonist with respect to activation of Gs and Gq/11 signaling 
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and arrestin-dependent receptor desensitization and internalization. Yet other PTH fragments 

exhibit marked variations in their ability to promote PTH1R coupling to downstream G 

proteins. For example, shorter N-terminal fragments of the PTH peptide, e.g. PTH (1−31), 

activate adenylyl cyclase in ROS 17/2 rat osteosarcoma cell membranes without stimulating 

membrane-associated PKC [37, 38], while N-terminal truncations, e.g. PTH(3–34), activate 

PKC while failing to stimulate cAMP production [39, 40].

Ligand-dependent dissociation of G protein activation and arrestin recruitment is also 

possible. The mutated N-terminal PTHrP fragments, [Trp1]-PTHrP(1–36) and [Bpa1]-

PTHrP(1–36), selectively activate Gs and generate sustained cAMP signaling while not 

promoting arrestin-dependent PTH1R desensitization [30, 41]. The opposite efficacy profile, 

engagement of arrestins without heterotrimeric G protein activation, has been described as 

well. The PTH(7–34) fragment, which still possesses the structural determinants necessary 

for relatively high affinity binding but lacks the N-terminal residues needed to stimulate 

guanine nucleotide exchange, antagonizes G protein signaling but still stimulates receptor 

phosphorylation and internalization [42]. Similarly, the bovine PTH fragment, [D-

Trp12,Tyr34]-bPTH(7–34), acts as an inverse agonist for Gs coupling and fails to stimulate 

Gq/11, yet is capable of activating G protein-independent signaling via a β-arrestin mediated 

pathway [30, 33, 43].

3.1. Classification of biased PTH1R ligands

Confronted with the facts that ligand structure, receptor structure, and cell background all 

contribute to the observed cellular response to GPCR activation, any meaningful comparison 

of ligand ‘bias’ has to start from a common base. Typically this involves comparing 

responses generated by a panel of ligands in multiple assays of receptor activation performed 

in a common cell background [44]. In addition, since a ligand can only be ‘biased’ relative 

to the intrinsic efficacy of some other ligand acting on the same receptor, ligand bias is 

usually expressed in relation to a ‘reference ligand’, typically the native hormone or 

neurotransmitter.

Quantitative approaches have been developed to provide a framework for describing and 

comparing the intrinsic efficacy of GPCR ligands [45–47]. Considering any single 

experimental readout, the actions of a ligand can be described by two terms that together 

specify the relationship between receptor occupancy and cellular response, i.e. the 

equilibrium dissociation constant of the ligand-receptor complex [Kd] and the maximal 

observed change in receptor activity [Vmax]. These two measures can be combined into a 

single parameter according to the Black-Leff operational model [48] to determine a 

‘transduction coefficient’, log(τ/KA), where τ represents the maximum observed response, 

itself a combination of both intrinsic efficacy and ‘system factors’ imposed by cell 

background, and KA reflects the level of receptor occupancy. Once the ‘transduction 

coefficient’ has been determined for each ligand in the same assay, the relative coupling 

efficiency compared to a reference agonist can be expressed as a normalized transduction 

coefficient, Δlog(τ/KA). And once normalized transduction coefficients have been 

determined in two or more assays, a ‘bias factor’, ΔΔlog(τ/KA), can be calculated as the 

difference in relative coupling efficiency between any two measurable downstream 
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responses [49, 50]. An alternative approach, based on the method of Ehlert [51], that is valid 

for assays in which ligand concentration-response curves have Hill slopes near 1.0, is to 

determine ‘intrinsic relative activity’ (RAi) from EC50 and EMAX data, and calculate the bias 

factor from ΔΔlog (RAi).

Fig. 2A illustrates PTH1R ligand bias using a simple multiaxial graphic representation of 

RAi data obtained from the human PTH1R ectopically expressed in a common HEK293 cell 

background [52]. RAi values were determined for six PTH peptide analogs in three assays: 

cAMP production reflecting Gs-adenylyl cyclase activation, stimulation of Ca2+ influx 

reflecting Gq/11-Phospholipase C activation, and ERK1/2 phosphorylation reflecting a 

composite of Gs, Gq/11 and arrestin-mediated signals. In this background, human hPTH(7–

34) (purple) was devoid of measurable activity in all assays and is represented as a single 

point at the origin. Indeed, in this HEK cell system the presence of hPTH (7–34) can only 

detected by its ability to competitively antagonize an agonist response [53], and thus appears 

as a ‘neutral’ antagonist. The reference agonist, human PTH(1–34) (black) is by definition 

assigned an RAi of 1.0 in all assays, since its EC50 to EMAX ratio is normalized to itself. 

Since it was the most efficacious ligand tested in all assays, there were no RAi values > 1.0 

observed within this ligand set. Compared to hPTH(1–34), the human hPTH(1–31) peptide 

(red) appears as a relatively ‘balanced’ partial agonist, with RAi values of 0.4 to 0.7 in all 

assays. The other three ligands exhibit signal bias. [Trp1]-PTHrP(1–36) (green) appears to 

Gs-cAMP selective, since it fails to elicit a threshold calcium signal at concentrations that 

robustly activate cAMP production and ERK1/2, whereas hPTH(1–34) and hPTH(1–31) 

exhibit proportional relative activity in all three assays. A bovine PTH derivative, bPTH(3–

34) (blue), exhibits more drastic bias, retaining substantial activity in the ERK1/2 assay in 

the absence of a detectable cAMP or calcium signal. The most divergent ligand, however, is 

the modified bovine PTH derivative, [D-Trp12,Tyr34]-bPTH(7–34). While ‘reversal of 

potency’ where two ligands exhibit the opposite rank order of potency in two different 

assays of receptor activation, is one of the hallmarks of ligand bias, [D-Trp12,Tyr34]-

bPTH(7–34) exhibits frank reversal of efficacy, appearing as an inverse agonist for cAMP 

production, neutral for calcium signaling, and a partial agonist for ERK1/2 activation. Such 

‘perfect bias’ is uncommon, but has been described for some GPCRs, e.g. the β2-adrenergic 

[54].

3.2. Ligand bias in ‘real’ cells

Of course PTH does not exert its biological effects in vivo by interacting with overexpressed 

PTH1R in transfected HEK cells engineered to provide a fluorescent or luminescent readout. 

As useful as ‘transduction coefficients’ and ‘bias factors’ are for describing differences in 

the intrinsic efficacy of ligands, they provide only limited insight into the behavior of biased 

ligands interacting with natively expressed GPCRs in a relevant cell background. 

Differences in receptor density and level of expression of intracellular effectors or signal 

modifying scaffolds like NHERF2 will not change the intrinsic efficacy of a ligand, which is 

an innate property embodied in its structure, but can change signal strength, i.e. the observed 

Vmax in different downstream pathways [44]. Moreover, biological responses, e.g. cell 

proliferation, growth, apoptosis, differentiation or migration, represent a higher order 

integration of proximal signals. Any understanding, therefore, of how ligand efficacy will 
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affect the biology of therapeutically relevant target cells has to be based on assays performed 

in the proper cell background.

Fig. 2B compares the in vitro efficacy of the two most divergent PTH analog peptides 

described in Fig. 2A, in cAMP and ERK1/2 activation assays performed using 10-day 

cultures of primary calvarial osteoblasts isolated from wild type and β-arrestin2−/− 

C57BL/6 mice [33]. Consistent with the HEK cell data, both wild type and β-arrestin2−/− 

osteoblasts generated robust increases in cAMP when exposed to with hPTH(1–34) for 5 

min. Treatment of wild type osteoblasts with [D-Trp12,Tyr34]-bPTH(7–34), as expected did 

not increase intracellular cAMP levels. In the β-arrestin2 −/− background, where basal 

cAMP levels were modestly higher due to loss of arrestin-dependent dampening of basal 

signaling, [D-Trp12,Tyr34]-bPTH(7–34) significantly lowered the elevated basal cAMP 

levels, a pattern consistent with its reported inverse agonist efficacy for PTH1R-Gs coupling 

[43]. Also consistent with the HEK cell data, hPTH(1–34) increased phosphatidylinositol 

hydrolysis, while [D-Trp12,Tyr34]-bPTH(7–34) did not [33]. Unlike HEK cells, where 

hPTH(1–34) provked much larger increases in ERK1/2 phosphorylation, in wild type 

primary osteoblasts hPTH(1–34) and [D-Trp12,Tyr34]-bPTH(7–34) demonstrated roughly 

equal efficacy, presumably reflecting cell background differences related to lower receptor 

density and/or efficiency of Gs pathway coupling to ERK1/2 activation. Consistent with its 

putative β-arrestin-dependent mechanism of action [30], [D-Trp12,Tyr34]-bPTH(7–34) failed 

to activate ERK1/2 in the β-arrestin2−/− background, while the ERK1/2 response to the Gs-

competent ligand persisted. Despite differences in signal strength, the efficacy of hPTH(1–

34) and [D-Trp12,Tyr34]-bPTH (7–34) in these three readouts of receptor activation are 

consistent between HEK cells and primary osteoblasts.

Further insights into the possible physiological effects of ligand bias in vivo can be garnered 

from cell based assays of higher order processes like cell proliferation, migration and 

survival. Undifferentiated β-arrestin−/− calvarial preosteoblasts proliferate faster than wild 

type cells [55]. When grown in the presence of either hPTH(1–34) or [D-Trp12,Tyr34]-

bPTH(7–34) the proliferation rate of wild type preosteoblasts is modestly slowed. This 

PTH1R mediated effect is absent in β-arrestin2−/− preosteoblasts, whose higher growth rate 

is not affected by agonist exposure. These data suggest that β-arrestin2 may act as a brake on 

preosteoblast proliferation and that engagement of arrestin signaling pathways by PTH1R 

facilitates this negative regulatory effect. β-Arrestin2 also appears to contribute to anti-

apoptotic and pro-migratory signaling by the PTH1R in osteoblasts. Fig. 2C shows the 

effects of hPTH(1–34) and [D-Trp12,Tyr34]-bPTH(7–34) on osteoblast survival in an 

etoposide challenge assay of DNA damage-induced apoptosis and in a scratch assay of 

random cell migration [55]. When exposed to etoposide, both hPTH(1–34) and [D-

Trp12,Tyr34]-bPTH(7–34) significantly improved the survival of wild type osteoblasts. The 

effect was absent in β-Arrestin2−/− osteoblasts, which themselves showed a higher basal 

apoptosis rate suggesting that a PTH1R-mediated survival pathway activated by either ligand 

is β-arrestin2 mediated and independent of G protein signaling. Similar results were 

observed in the migration assay (Fig. 2C). Here, [D-Trp12,Tyr34]-bPTH(7–34) was more 

effective than either serum or hPTH(1–34) at stimulating wild type preosteoblast migration. 

Consistent with the reported roles of arrestin scaffolds in GPCR-regulated actin cytoskeletal 

dynamics and chemotaxis [56], [D-Trp12,Tyr34]-bPTH(7–34) had no effect in β-arrestin2−/− 
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preosteoblasts. Thus, in vitro assays performed in primary cells expressing endogenous 

PTH1R suggest that arrestins contribute to the regulation of cell proliferation, cell survival 

signaling, and cell migration. Since these assay are performed in the absence of the native 

ligand, they further suggest that these arrestin-dependent responses do not require coincident 

activation of heterotrimeric G proteins and do not result from arrestin-dependent 

desensitization of Gs- or Gq/11 signaling.

4. PTH1R ligand bias in vivo

While the intrinsic efficacy of a ligand can be described in vitro, and bias quantified, 

translating ligand bias into a potential therapeutic requires the demonstration of efficacy in 
vivo, and the leap from in vitro to in vivo efficacy can be challenging, especially for arrestin 

pathway-selective ligands that activate poorly understood non-canonical GPCR pathways of 

undetermined physiological relevance (Fig. 1). Several factors must be taken into 

consideration. The first relates to the downstream consequences of ‘unbalanced’ GPCR 

activation by a biased agonist. Natural ligand-GPCR pairs co-evolved to produce the most 

physiologically adaptive responses to receptor activation. Biased agonists, because they 

specify a different set of downstream signals than the native ligand, in effect create ‘new’ 

receptors whose physiological properties may be unpredictable. While the tissue distribution 

of the receptor will dictate where responses will occur, the structure of the ligand-receptor 

complex will determine the nature of the response, and as these ‘unbalanced’ responses 

propagate, unexpected consequences may arise [17].

A second source of uncertainty is that administration of any GPCR ligand in vivo is 

occurring in the presence of the native hormone or neurotransmitter. For conventional 

agonist/antagonist ligands, a reasonable prediction of its actions in vivo can be derived from 

understanding the physiological roles of the endogenous ligand. Administration of 

pharmacologic concentrations of a conventional agonist, e.g. hPTH(1–34), would be 

expected to override physiological homeostasis and produce systemic responses that to some 

extent mimic those observed when the native ligand is pathologically overexpressed, e.g. 
primary hyperparathyroidism. Conversely, a neutral antagonist, e.g. hPTH(7–34), might be 

expected to mimic the natural absence or deficiency of the hormone, e.g. primary 

hypoparathyroidism. But a ‘biased’ agonist is not merely a different entity than a 

conventional agonist/antagonist, it is a different entity in the presence of endogenous ligand 

than it is in vitro where only its intrinsic efficacy is typically measured. In vivo a biased 

agonist would be expected to produce mixed agonist-antagonist effects, activating some 

pathways directly while preventing the activation of other pathways by the native ligand. 

Observed physiological responses to a biased agonist could arise either from pathway-

selective agonism, antagonism of the native ligand, or some combination of the two effects.

4.1. The role of G protein signaling in bone metabolism

As predicted from clinical observation of humans with primary hyperparathyroidism, mice 

given daily injections of hPTH(1–34) show increased indices of bone turnover [57]. Markers 

of accelerated bone formation, including osteoblast number, osteoid surface, serum 

osteocalcin level and mineral apposition rates all increase. At the same time, indices of 
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osteoclastic bone resorption rise, including osteoclast number and urinary deoxypyrodiniline 

(DPD). Serum and urine calcium levels also rise, reflecting the net effect of hPTH(1–34) on 

bone resorption, intestinal calcium absorption and renal tubular calcium retention. Because 

the anabolic and catabolic effects of PTH are coupled, the net effect of hPTH(1–34) on bone 

mass depends on the timing of exposure, such that intermittent exposure through daily 

subcutaneous injection produces an increase in bone formation over resorption and an 

increase in trabecular bone volume and cortical thickness. Continuous exposure, on the other 

hand, leads to bone loss, hypercalcemia and hypercalcuria [57–61].

Data from rodent models treated with various analogs of PTH or PTHrP support the 

conclusion that activation of Gs-adenylyl cyclase-cAMP signaling accounts for most of the 

biological consequences of PTH1R activation in bone. PTH(1–34), which elicits the full 

range of PTH1R signaling in vitro, also reproduces the full spectrum of PTH action in vivo. 

PTH(1–31), which has been reported to be selective for Gs over Gq/11 signaling in rodent 

renal tubular cells [62], increases markers of bone formation in vivo as effectively as 

PTH(1–34), although the net increases in bone volume with prolonged treatment are smaller 

[63]. PTHrP(1–36), which like [Trp1]-PTHrP(1–36) is reportedly Gs pathway-selective, is 

also anabolic in vivo. Both PTH(1–34) and PTHrP (1–36) increase indices of bone 

formation, bone mass and bone strength in ovariectomized rats [64]. On the other hand, 

PTH1R-Gq/11 signaling, at least in isolation, appears insufficient to produce anabolic effects 

in bone. In mice, the N-terminal truncated fragment, PTH(2–34), which is dramatically 

impaired in Gs coupling is far less efficacious than either PTH(1–34) or PTH(1–31) [63]. 

Comparison of the ligand series, PTH(1–38), PTH(2–38) and PTH(3–38) in rats also 

supports the conclusion that Gs signaling is critical. Despite the capacity to activate PKC and 

simulate mitogenesis in rat osteoblastic cells in vitro, PTH(3–38) produces no detectable 

anabolic or catabolic effects on bone in vivo [65]. Likewise, a mutant PTH1R capable of 

activating Gs, but not Gq/11, is able to rescue PTH(1–34) responses in PTH1R−/− mice [66]. 

Consistent with the critical role of Gs signaling in bone, mice subjected to post-natal 

deletion of Gsα in the osteoblast lineage exhibit a dramatic reduction in trabebcular and 

cortical bone and fail to increase bone mass in response to PTH(1–34) [66]. Gs-cAMP 

signaling may not be the full story, however, since PTH(1–34) still increases osteoblast 

number and bone formation rate in the absence of Gsα, suggesting that alternative signaling 

pathways beyond Gs and Gq/11 act downstream of PTH1R on osteoblast differentiation.

4.2. The paradoxial effects of arrestin-selective bias in vivo

What about arrestins in bone? While simultaneous germline deletion of both non-visual 

arrestin isoforms results in embryonic lethality, β-arrestin1 or β-arrestin2 can be deleted 

individually so isoform-specific effects of arrestin deletion can be studied using global 

knockout mice [67]. Still, in the presence of circulating endogenous PTH, any skeletal 

phenotype observed in β-arrestin null mice could result either from exaggerated G protein 

signaling due to impairment of arrestin-dependent PTH1R desensitization, or from loss of 

non-canonical GPCR signaling due to the absence of arrestin scaffolds. Skeletal phenotyping 

of adult male and female β-arrestin2−/− mice reveals higher basal rates of bone turnover and 

an impaired anabolic response to PTH(1–34), with blunted increases in trabecular bone 

volume and no change in cortical thickness compared to controls [68, 69]. The attenuated 
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anabolic response to PTH(1–34) correlates with smaller changes in osteoblast number and 

osteoid deposition, but preserved or exaggerated increases in osteoclast number and urine 

deoxypyridinoline (DPD). While this supports the conclusion that PTH1R-mediated 

osteoblast-osteoclast coupling and bone resorption are Gs-dependent, it does not address 

whether the diminished anabolic response to PTH(1–34) in β-arrestin2−/− mice reflects 

exaggerated cAMP signaling in the setting of impaired arrestin-mediated desensitization or 

loss of arrestin-mediated signaling.

One approach to dissociating the desensitizing and signaling functions of arrestins in vivo 
would be to compare the actions of an arrestin pathway-selective PTH1R agonist in wild 

type and arrestin null backgrounds. In the wild type background, such a ligand should 

competitively antagonize endogenous PTH while simultaneously activating arrestin-

dependent pathways, thus providing a glimpse of the consequences of β-arrestin engagement 

in the absence of G protein activation. Exposing β-arrestin2−/− mice to the same ligand 

would reveal skeletal effects arising from competitive inhibition of endogenous PTH 

signaling alone, such that changes in bone metabolism elicited by an arrestin-biased ligand 

that were observed in wild type, but not β-arrestin2−/−, mice would likely be consequences 

of arrestin-mediated signaling, not antagonism of endogenous PTH. Conversely, 

administering PTH(1–34) to β-arrestin2−/− animals would allow separation of the effects of 

G protein-dependent signaling from β-arrestin-dependent signaling because PTH(1–34) 

would activate both pathways in wild type animals, but only G protein signaling in the 

knockout.

The results of such an experiment, using the conventional PTH1R agonist hPTH(1–34) and 

the arrestin pathway-selective agonist [D-Trp12,Tyr34]-bPTH(7–34) are summarized in Fig. 

3A [33]. Contrary to predictions, in adult male wild type C57BL/6 mice, intermittent daily 

dosing of [D-Trp12,Tyr34]-bPTH(7–34) provokes an increase in trabecular bone formation 

with increased osteoblast number, osteocalcin mRNA expression and serum osteocalcin, 

increased trabecular number and thickness, increased rates of mineral apposition, and greater 

bone volume despite its antagonism of endogenous PTH. In congenic β-arrestin2−/− mice, 

the skeletal effects of [D-Trp12,Tyr34]-bPTH(7–34) are either absent or opposite those seen 

in the wild type background, suggesting that they do not result from inhibition of G protein 

signaling mediated by endogenous PTH. [D-Trp12,Tyr34]-bPTH(7–34) does not replicate the 

full response to hPTH(1–34), however. In wild type mice, hPTH(1–34) provokes the 

expected increases RANKL mRNA, osteoclast number, and bone turnover markers that 

accompany PTH1R-mediated activation of bone resorption. [D-Trp12,Tyr34]-bPTH(7–34), 

on the other hand, does not significantly increase these indices in wild type mice, and in the 

β-arrestin−/− background significantly reduces osteoclast number. In contrast, β-arrestin2−/

− animals treated with hPTH(1–34) show increases in osteoclast number and urine DPD, 

supporting the hypothesis that PTH1R-induced bone resorption is principally mediated via 
Gs-cAMP dependent signaling pathways that are antagonized by the arrestin pathway-

selective PTH analog in vivo.
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4.3. Systems level comparison of conventional and biased agonism

How can one account for the paradoxical response to [D-Trp12,Tyr34]-bPTH(7–34) in vivo if 

the effects of PTH on both bone formation and resorption are solely dependent upon 

activation of Gs-cAMP signaling? The neutral PTH1R antagonist PTH(7–34) has no 

anabolic activity in a renal failure model of rats subjected to prior parathyroidectomy [70], 

raising the question of whether endogenous PTH is necessary for a PTH antagonist to 

stimulate bone formation. With intact parathyroid glands, intermittent exposure to a PTH1R 

antagonist might produce periodic ‘dips’ or even rebound ‘spikes’ in endogenous PTH 

action that might stimulate bone formation in a manner analogous to a conventional ligand, 

i.e. by producing cyclic modulation of PTH1R-Gs signaling.

Unlike in vitro measures of intrinsic efficacy, the in vivo effects of a biased agonist should 

reflect the mixed agonist-antagonist efficacy expected in the presence of the endogenous 

ligand. There seems little doubt that antagonism of endogenous PTH1R-Gs signaling 

accounts for the failure of [D-Trp12,Tyr34]-bPTH(7–34), which is an inverse agonist for 

PTH1R-Gs coupling in vitro [52, 53], to activate osteoclastic bone resorption and to reduce 

osteoclast number in β-arrestin2−/− mice [33]. However this antagonism of endogenous 

PTH persists in the β-arrestin2−/− background, while its anabolic effects are completely 

lost, suggesting that the presence of β-arrestin2 is required for its effects on osteoblast 

number and activity. Moreover, [D-Trp12,Tyr34]-bPTH(7–34) retains anabolic activity when 

administered to wild type male C57BL/6 mice by continuous infusion [71], a mode of 

administration that blunts or abolishes the anabolic response to PTH(1–34) [61]. While 

continuous infusion of a PTH1R antagonist might provoke a sustained rise in circulating 

endogenous PTH, persistent elevations in the native ligand are associated with accelerated 

bone loss, not increase. Thus the evidence, circumstantial though it may be, suggests that the 

ability of [D-Trp12,Tyr34]-bPTH(7–34) to dissociate the anabolic effects of PTH1R 

activation in the osteoblast compartment from its catabolic effects exerted through 

osteoblast-osteoclast coupling results both from antagonism of PTH1R-Gs signaling in vivo 
and some intrinsic efficacy that requires expression of β-arrestin2.

What then, are the biological processes regulated by [D-Trp12,Tyr34]-bPTH(7–34) in vivo 
that are associated with its action? One way of gaining insight is to apply systems level 

informatic approaches based on analysis of differential mRNA expression from cDNA 

microarrays of bone tissue combined with parametric geneset enrichment analysis [72–74]. 

Fig. 3B shows a holistic representation of the genomic ‘fingerprint’ left on calvarial bone by 

prolonged treatment of wild type and congenic β-arrestin2−/− mice with hPTH(1–34) or [D-

Trp12,Tyr34]-bPTH(7–34), generated using the 3-dimensional visualization application 

Omnimorph. This application assigns each cDNA probe to a sector of a gridded sphere and 

displays differences in relative abundance between two datasets, e.g. vehicle versus drug 

treated, as a vector, with length denoting magnitude and color direction of change [71, 75]. 

Even at this gestalt level, it is apparent that both ligand structure and genetic background 

affect the tissue response. In the case of the conventional ligand, hPTH(1–34), which would 

be expected to robustly activate cAMP-mediated signaling pathways in both backgrounds, 

the general magnitude and direction of change is similar in the presence of absence of β-

arrestin2. By contrast, [D-Trp12,Tyr34]-bPTH (7–34), which would antagonize Gs-cAMP 
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mediated by endogenous PTH while activating β-arrestin-mediated pathways, looks 

dramatically different from the conventional ligand in both backgrounds. Moreover, the 

transcriptomic fingerprint of [D-Trp12,Tyr34]-bPTH(7–34) is highly sensitive to β-arrestin2 

expression, suggesting that its actions are not merely reflective of PTH1R antagonism [71].

Applying geneset enrichment analysis to differentially expressed transcripts offers a means 

to probe the biological processes impacted by each ligand in vivo [72, 73]. As shown in Fig. 

3C, eight weeks treatment of wild type male mice C57BL/6 mice with hPTH(1–34) leads to 

predictable changes in pathways associated with embryologic skeletal patterning and PTH 

actions in bone, including Wnt/β-catenin signaling, BMP signaling, TGF-β signaling, 

PI3K/AKT signaling, and ERK/MAPK signaling, and processes associated with bone 

formation and turnover, mineralization and resorption, and skeletal patterning and 

development [76–78]. Strikingly, the transcriptomic effects of [D-Trp12,Tyr34]-bPTH(7–34) 

show little overlap with those of the conventional agonist whose receptor it shares. Instead of 

affecting classical pathways of bone remodeling, the biased ligand prominently impacts 

basic cellular processes related to cell cycle progression, apoptosis/cell survival, and cellular 

adhesion and migration. Importantly, these tissue level transcriptomic effects correlate with 

short terms effects of [D-Trp12,Tyr34]-bPTH(7–34) on cell proliferation rate, anti-apoptosis, 

and cell migration observed in vitro in cell-based assays performed on primary calvarial 

osteoblasts (Fig. 2C), and are disrupted in vivo by deletion of β-arrestin2, strongly 

suggesting that they represent β-arrestin-mediated actions that are independent of its 

antagonism of PTH1R-Gs signaling [71]. Indeed, the transcriptomic data support the 

hypothesis that PTH(1–34) and [D-Trp12,Tyr34]-bPTH(7–34) affect bone mass in vivo 
through predominantly separate mechanisms created by largely distinct molecular signaling 

systems.

Data such as these clearly demonstrate that functional selectivity can be exploited to change 

the quality of GPCR efficacy in vivo, one of the touted benefits of biased ligands. They also 

highlight the challenge inherent in translating ligand bias, in that the in vivo effects of [D-

Trp12,Tyr34]-bPTH(7–34) on bone could not have been readily predicted from its measured 

in vitro efficacy. Still, there are only two non-visual arrestin isoforms and they interact with 

the vast majority of GPCRs, suggesting that there may be a relatively restricted arrestin-

dependent signaling repertoire. One approach to identifying such a conserved set of arrestin-

dependent biological processes in vivo might be to compare the transcriptomic effects of a 

biased ligand across multiple different tissues, looking not at what makes each tissue unique, 

but at what responses appear to be conserved across different cell/tissue backgrounds. When 

the transcriptomic fingerprints of [D-Trp12,Tyr34]-bPTH (7–34) and hPTH(1–34) are 

compared in six different murine tissues after chronic drug exposure, some interesting 

observations emerge. First is that the arrestin pathway-selective ligand, with its limited 

effector coupling profile, generates a more conserved response than the conventional ligand, 

whose pleotropic signaling profile is more likely to be affected by differences in effector 

expression between tissues [71]. The second, perhaps not surprising, observation is that the 

response to [D-Trp12,Tyr34]-bPTH(7–34) is highly sensitive to deletion of β-arrestin2, 

whereas the response to hPTH(1–34) is less so. Since [D-Trp12,Tyr34]-bPTH(7–34) is 

capable of antagonizing endogenous PTH signaling in both wild and β-arrestin2−/− 

backgrounds, this suggests arrestin-dependent signaling accounts for a large part of its 
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actions in vivo. Finally, informatic analyses indicate that the most cross-tissue conserved 

effects of [D-Trp12,Tyr34]-bPTH(7–34) are involved with regulation of processes related to 

cell growth, development, and survival [71, 79]. To the extent that arrestin-dependent 

signaling engenders a transcriptomic signature that might be conserved between different 

tissues or even different GPCRs, it may be possible uncover a conceptual framework in 

which the in vivo outcomes of arrestin-biased signaling can be generalized. Indeed, arrestins 

have been reported to play roles in cancer cell proliferation, anti-apoptotic survival 

signaling, and tumor invasiveness/metastasis that remarkably parallel the results of 

transcriptomic analysis of the actions of this arrestin pathway-selective agonist in vivo [80–

84]

5. Conclusions

The preceding discussion, presented in the context of PTH1R signaling in vitro and in vivo, 

highlights the opportunities and challenges surrounding the development of biased GPCR 

ligands as therapeutics. While GPCRs have historically proven themselves to be particularly 

tractable as drug targets [85], within the context of conventional agonist-antagonist theory 

the principal avenues to GPCR drug discovery are to find ‘new’ targets through de-

orphanizing novel GPCRs or to focus on sub-type selectivity for known GPCR drug targets 

in hope of eliciting more targeted or nuanced effects. The capacity to bias GPCR signaling, 

i.e. to differentially manipulate signal strength in downstream effector pathways compared 

to the native ligand, adds novel dimensions to GPCR pharmacology that might be exploited 

for therapeutic benefit.

Work to date on ligand bias in vitro has convincingly demonstrated that it is possible to 

tailor ligands to elicit specific efficacy profiles, favoring for example G protein activation 

over arrestin-dependent desensitization and signaling or vice versa, and to develop robust 

mathematical tools to quantitatively compare ligands across multiple dimensions of efficacy. 

Work in vivo has just as clearly shown that biased ligands, through their capacity to 

engender mixed agonist-antagonist effects in the presence of endogenous ligand, are capable 

of eliciting biological effects that cannot be obtained using conventional agonist or 

antagonist ligands. The main challenge at present appears to be the unpredictability of 

biased ligand effects in vivo that may arise from ‘unbalanced’ activation of GPCRs. This is 

especially true of so-called arrestin pathway-selective ligands given our as-yet incomplete 

understanding of the physiological role(s) of arrestin-dependent signaling. While some data 

suggest that arrestins, due to their limited signaling repertoire, may mediate a restricted and 

somewhat conserved set of biological responses, much remains to be learned. In effect, we 

are well versed in methods to detect and quantify ligand bias, but still hampered in terms of 

knowing what efficacy profile is needed to produce the optimal therapeutic response in any 

given setting.
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Abbreviations

BRET bioluminescence resonance energy transfer

DPD deoxypyridinoline

GPCR G protein-coupled receptor

RAi intrinsic relative activity

NHERF2 Na+/H+ exchanger regulatory factor 2

PKA protein kinase A

PKC protein kinase C

PTH parathyroid hormone

PTH1R type 1 parathyroid hormone receptor

PTHrP parathyroid hormone-related protein

RANKL receptor activator of NFκB ligand
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Fig. 1. 
Conceptual representation of biased agonism viewed from multiple levels within a biological 

system. At the initial point of contact, ligand binding changes the distribution of receptor 

conformations leading to stabilization of one or more active states. As signals radiate 

outward from the ligand-receptor complex, receptors engage proximal effectors like G 

proteins and arrestins (seconds), second messenger and kinase cascades are activated, and 

global changes in downstream protein phosphorylation occur (seconds-minutes), leading to 

changes in cell behavior, e.g. proliferation, migration or apoptosis (hours-days). When 

assayed in vitro, biased ligands appear to affect a subset of the pathways activated by the 

native ligand (represented as Venn diagrams). But when the in vivo effects of native and 

biased agonists are compared, data from microarray analysis and tissue phenotyping suggest 

that biased agonists may have unpredictable effects arising from ‘unbalanced’ GPCR 

activation. This ‘disconnect’ between the in vitro and in vivo efficacy of biased ligands is a 

potential barrier to the rational development of biased GPCR therapeutics.
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Fig. 2. 
PTH1R ligand bias in vitro. A. Multiaxial plot of PTH analog efficacy in cAMP, calcium and 

ERK1/2 assays performed using HEK293 cells overexpressing human PTH1R. Estimated 

RAi values for each ligand are plotted to represent the magnitude and direction of effect in 

each signaling response. Figure adapted from Appleton et al. (2013) Methods Enzymol 522: 

229–262 [52]. B. Effects of hPTH(1–34) and [D-Trp12,Tyr34]-bPTH(7–34) [bPTH(7–34)] on 

cAMP production (left) and ERK1/2 activation (right) in 10 day-old cultures of 

differentiating primary calvarial osteoblasts isolated from wild type (WT) and β-arrestin2−/− 

mice. Figure adapted from Gesty-Palmer et al. (2009) Science – Transl Med 1ra1 [33]. C. 

Effects of hPTH (1–34) and [D-Trp12,Tyr34]-bPTH(7–34) on the survival and random 

migration of primary calvarial osteoblasts isolated from wild type and β-arrestin2−/− mice. 

Anti-apoptotic effects (left) were measured in 10 day-old differentiating osteoblast cultures 

subjected to serum-withdrawal or exposed to etoposide in the presence or absence of 

hPTH(1–34) or [D-Trp12,Tyr34]-bPTH(7–34). Random cell migration (right) was measured 

by scratch assay performed on 3-day old confluent monolayers of primary preosteoblasts. 

Figure adapted from Gesty-Palmer et al. Mol Endocrinol 27:296–314 [55].
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Fig. 3. 
Comparison of the in vivo efficacy of hPTH(1–34) and [D-Trp12,Tyr34]-bPTH(7–34) at the 

tissue and transcriptome levels. A. Representative quantitative computed tomography (qCT) 

images of the trabecular compartment of proximal tibia from wild type male C57BL/6 mice 

treated for 8 weeks with daily injection of vehicle, hPTH(1–34) or [D-Trp12,Tyr34]-bPTH 

(7–34) [bPTH(7–34)] (top). The table below summarizes the actions of hPTH(1–34) and [D-

Trp12,Tyr34]-bPTH(7–34) in vitro and in vivo. qCT of trabecular and cortical bone, 

histomorphometric analysis of osteoblast and osteoclast numbers, serum osteoid surface and 

mineral apposition rate, and assays of bone turnover markers were performed on serum, 

urine and tissue samples from wild type and β-arrestin2−/− mice after 8 weeks treatment 

with vehicle, hPTH(1–34) or [D-Trp12,Tyr34]-bPTH(7–34). ‘+’ to ‘+++’ denotes magnitude 

of increase relative to vehicle-treated controls. ‘-’ denotes decrease relative to vehicle-

treated. ‘NS’ denotes no significant change. The table summarizes data originally published 

in Gesty-Palmer et al. (2009) Science – Transl Med 1ra1 [33]. B. Transcriptomic signatures 

from calvarial bone of mice treated with hPTH(1–34) and [D-Trp12,Tyr34]-bPTH(7–34). 

Global changes in mRNA abundance in wild type and male mice treated with vehicle, 

hPTH(1–34) or [D-Trp12,Tyr34]-bPTH(7–34) were depicted using the vector based graphic 

program Omnimorph [71]. C. Parametric geneset enrichment analysis of signaling pathways 

and biological processes affected by hPTH(1–34) and [D-Trp12,Tyr34]-bPTH(7–34) in vivo. 

Analyses were performed using microarray genesets consisting of calvarial transcripts with 

significantly different expression between wild type (WT) mice treated with vehicle (NS), 

hPTH(1–34) or [D-Trp12,Tyr34]-bPTH (7–34). The left panel compares signaling pathway 

gene clusters identified using the WT bPTH(7–34) vs WT NS (red bars) and WT hPTH(1–

34) vs WT NS (blue bars) genesets. Signaling pathways corresponding to signal 

transduction, growth factor signaling, nuclear receptor signaling and cell cycle control are 
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shown. The right panel depicts an identical comparison derived by querying the Gene 

Ontology biological processes (GObp) database. In each panel, hybrid scores (−log10(p) × 

pathway enrichment ratio) reflect the statistical probability that the observed differences did 

not occur by chance. All signaling pathway and GObp terms shown exceed a minimal 

threshold significance of p ≤0.05. Figure adapted from Gesty-Palmer et al. (2013) Mol 
Endocrinol 27:296–314 [55].
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