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A B S T R A C T

The natural calcitonin (CT) receptor and its peptide agonists are considered validated targets for drug discovery.
A small molecule agonist, SUN-B8155, has previously been shown to efficiently activate cellular CTR. Herein, we
report the synthesis of a series of compounds (S8155 1-9) derived from SUN-B8155, and investigate the struc-
tural-functional relationship, bias properties and their cellular activity profile. We discover that the N-hydroxyl
group from the pyridone ring is required for G protein activity and its affinity to the CT receptor. Among the
compounds studied, S8155-7 exhibits improved G protein activity while S8155-4 displays a significant β-ar-
restin-2 signaling bias. Finally, we show that both S8155-4 and S8155-7 inhibit tumour cell invasion through
CTR activation. These two compounds are anticipated to find extensive applications in chemical biology research
as well drug development efforts targeting CT receptor.

1. Introduction

CTR is the most ancient member of the class B GPCR family and is
widely expressed in many tissues of the human body [1–3]. It is known
that the CTR has multiple functions, including but not limited to
maintaining the quiescent state of muscle stem cells [4], limiting bone
loss, promoting osteoclast survival [5–7], regulating brain function, and
contributing to cancer progression [8–14]. Therefore, it is not sur-
prising that CTR has been an important therapeutic target for the
treatment of osteoporosis, Paget’s disease, hypercalcaemia of malig-
nancy, and cancer [3,15].

The natural CTR peptide agonists derived from both human and
salmon calcitonin have been used clinically to treat osteoporosis and
Paget’s disease [15,16]. Recent studies have also developed mimetic

calcitonin peptides, including KBP-042, KBP-088 and KBP-089, which
not only preserved the high efficacy of salmon calcitonin but also
showed increased tolerability in rats [15–19]. However, due to the cost
and to potential side effects with unclear mechanisms, these peptide-
based therapies still experience limited use [16]. Alternatively, small-
molecule agonists of CTR with defined signalling pathways, which may
have a longer half-life in the body than peptide agonists, have broader
application potentials. To date, only one small-molecule agonist SUN-
B8155 was reported to effectively activate CTR [20]. CTR activates
both G proteins and β-arrestin-2 signalling [21–36]. It was proposed
that the functions of inhibition of cancer progression and limiting bone
loss mediated by CTR are dependent on Gs signalling [11,10,15].
However, functional selectivity of different downstream effectors, such
as arrestins downstream of CTR have not been elucidated yet, partially
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due to the lack of functionally-selective CTR agonists.
Recently, development of biased agonists with functional se-

lectivity, which signal with different efficacies to a particular receptor’s
multiple downstream pathways (e.g. individual G protein subtype or β-
arrestin pathways) are useful tools for dissection of specific signaling
pathways[29,30,49–52]. These biased ligands may also possess better
therapeutic potential because they can avoid “harmful” effect selec-
tively, compared to “balanced agonists” [46,47]. Therefore, develop-
ment of small molecules eliciting biased CTR functions will be valuable
tools in studying selective CTR downstream functions. However, the β-
arrestin activity of the only known CTR small-molecule agonist SUN-
B8155 has not been fully characterized [20].

In the present study, we synthesized a series of compounds (S8155-1
to S8155-9) based on the chemical structure of SUN-B8155, and in-
vestigated the bias property using SUN-B8155 as control. Compound
S8155-7 displayed a Gs biased property and at least five SUN-B8155
derivatives exhibited β-arrestin-2 biased signalling properties. Cellular
transwell studies demonstrated that compounds SUN-B8155, S8155-4
and S8155-7 inhibited breast cancer cells (MCF-7) migration via acti-
vation of CTR.

2. Materials and methods

2.1. Chemical synthesis

2.1.1. Synthetic procedure for 5-acetyl-1,6-dihydroxy-4-methyl-2(1H)-
pyridone (1)

Hydroxylamine hydrochloride (9 g, 130 mmol), water and acet-
onitrile (2:1 v/v, 6 mL) were added to a 250 mL three-necked flask. At 0
°C, triethylamine (60 mL, 260 mL) was slowly added to the reaction
mixture, and then diketene (20 mL, 260 mmol) dissolved in a mixture of
water and acetonitrile (2:1 v/v, 12 mL) was added dropwise to the
reaction solution while the temperature was maintained below 5 °C.
After the completion of addition of diketene solution, the reaction
mixture was stirred at 0 °C for 30 min, and then allowed to stand at
ambient temperature for 1 h. 6 N HCl aqueous solution was slowly
added to the reaction mixture to adjust the pH to 7 that resulted in
formation of a white suspension. The precipitated solid was filtered and
washed with water, and the crude product was recrystallized from
ethanol to obtain pale yellow solid 1 (11.9 g, 50% yield). Mp 195–197
°C. 1H NMR (300 MHz, DMSO‑d6): δ 5.81 (s, 1H), 2.56 (s, 3H), 2.32 (s,
3H). 13C NMR (75 MHz, DMSO‑d6): δ 194.3, 165.1, 157.9, 149.1, 107.6,
104.7, 28.0, 23.3.

2.1.2. General procedure for synthesizing SUN-B8155 and its derivatives
(S8155-1, -2, -4-9)

A mixture of 1 (300 mg, 1.6 mmol) and substituted aniline
(1.6 mmol) in EtOH (12 mL) was heated at 80 °C for 3 h. After the
reaction was completed, the reaction solution was cooled to ambient
temperature, resulting in precipitates. The solid was obtained by suc-
tion filtration, washed with cold ethanol and air-dried. SUN-B8155
(R = 2-NH2): 75% yield, pale yellow crystal. Mp 196–198 °C. 1H NMR
(300 MHz, DMSO‑d6): δ 14.36 (s, 1H), 10.06 (s, 1H), 7.12–7.07 (m, 1H),
7.00 (dd, J = 7.8 Hz, 1.5 Hz, 1H), 6.82 (dd, J = 8.1, 1.2 Hz, 1H),
6.65–6.60 (m, 1H), 5.65 (s, 1H), 5.26 (s, 2H), 2.37 (s, 6H). 13C NMR
(75 MHz, DMSO‑d6): δ 170.7, 164.3, 158.8, 148.6, 144.0, 128.8, 127.1,
121.4, 116.3, 115.8, 109.3, 99.2, 25.3, 20.2. HRMS (ESI, positive)
Calcd for C14H15N3NaO3 [M+Na]+ 296.1006, found: 296.1007.

S8155-1 (R = 4-F): 40% yield, pale yellow solid. Mp 215–216 °C.
1H NMR (300 MHz, DMSO‑d6): δ 14.72 (s, 1H), 10.05 (s, 1H), 7.34–7.23
(m, 4H), 5.61 (s, 1H), 2.35 (s, 3H), 2.28 (s, 3H). 13C NMR (75 MHz,
DMSO‑d6): δ 169.1, 164.4, 162.6, 159.3, 159.0, 148.6, 133.2, 128.0,
127.9, 116.6, 116.3, 99.3, 25.2, 20.7. HRMS (ESI, positive) Calcd for
C14H13FN2O3H [M+H]+ 277.0983, found: 277.0984.

S8155-2 (R = 3-NH2): 63% yield, pale yellow solid. Mp 214–216
°C. 1H NMR (300 MHz, DMSO‑d6): δ 14.77 (s, 1H), 10.10 (s, 1H), 7.12

(s, 1H), 6.57 (d, J= 6.0 Hz, 1H), 6.43 (s, 2H), 5.68 (s, 1H), 5.43 (s, 2H),
2.48 (s, 3H), 2.37 (s, 3H). 13C NMR (75 MHz, DMSO‑d6): δ 168.8, 164.3,
158.9, 150.0, 148.6, 137.3, 129.9, 113.0, 112.6, 110.1, 109.8, 98.9,
25.2, 20.7. HRMS (ESI, positive) Calcd for C14H15N3O3H [M+H]+

274.1186, found: 274.1184.
S8155-4 (R = 4-NH2): 63% yield, pale yellow solid. Mp 251–253

°C. 1H NMR (300 MHz, DMSO‑d6): δ 14.62 (s, 1H), 10.04 (s, 1H), 6.95
(d, J= 8.7 Hz, 2H), 6.63 (d, J= 8.7 Hz, 2H), 5.63 (s, 1H), 5.42 (s, 2H),
2.43 (s, 3H), 2.34 (s, 3H). 13C NMR (75 MHz, DMSO‑d6): δ 168.9, 164.0,
158.8, 148.5, 148.4, 126.3, 124.5, 114.0, 109.3, 98.7, 25.2, 20.6;
HRMS (ESI, positive) Calcd for C14H15N3NaO3 [M+Na]+ 296.1006,
found: 296.1004.

S8155-5 (R = 2-MeO): 76% yield, pale yellow solid. Mp 238–240
°C. 1H NMR (300 MHz, DMSO‑d6): δ 14.72 (s, 1H), 10.09 (s, 1H),
7.38–7.31 (m, 2H), 7.21–7.19 (m, 1H), 7.08–7.05 (m, 1H), 5.67 (d,
J = 0.6 Hz, 1H), 3.84 (s, 3H), 2.43 (s, 3H), 2.37 (s, 3H). 13C NMR
(75 MHz, DMSO‑d6): δ 169.1, 164.4, 158.9, 153.0, 148.4, 128.9, 127.0,
125.2, 120.6, 112.3, 110.0, 99.3, 55.9, 25.3, 20.7. HRMS (ESI, positive)
Calcd for C15H16N2NaO4 [M+Na]+ 311.1002, found: 311.1004.

S8155-6 (R = 3-Cl): 67% yield, pale yellow solid. Mp 204–206 °C.
1H NMR (300 MHz, CDCl3): δ 14.84 (s, 1H), 9.24 (s, 1H), 7.41–7.31 (m,
2H), 7.21 (s, 1H), 7.11 (d, J = 7.5 Hz, 1H), 5.81 (s, 1H), 2.46 (s, 3H),
2.37 (s, 3H). 13C NMR (75 MHz, CDCl3): δ 168.8, 162.1, 158.1, 148.3,
137.9, 135.4, 130.8, 128.3, 126.2, 124.3, 110.3, 100.0, 26.2, 21.2.
HRMS (ESI, positive) Calcd for C14H13ClN2NaO3 [M+Na]+ 315.0507,
found: 315.0508.

S8155-7 (R = 2-Me): 45% yield, pale yellow solid. Mp 197–199 °C.
1H NMR (300 MHz, CDCl3): δ 14.74 (s, 1H), 9.24 (s, 1H), 7.33–7.26 (m,
3H), 7.15–7.12 (m, 1H), 5.85 (s, 1H), 2.42 (s, 3H), 2.41 (s, 3H), 2.30 (s,
3H). 13C NMR (75 MHz, CDCl3): δ 169.7, 161.9, 158.0, 148.3, 135.7,
134.0, 131.4, 128.6, 127.0, 126.7, 109.4, 99.5, 26.2, 21.0, 18.1. HRMS
(ESI, positive) Calcd for C15H16N2NaO3 [M+Na]+ 295.1053, found:
295.1053.

S8155-8 (R = 3-Br): 50% yield, pale yellow solid. Mp 227–229 °C.
1H NMR (300 MHz, DMSO‑d6): δ 14.86 (s, 1H), 10.14 (s, 1H), 7.62–7.57
(m, 2H), 7.45 (t, J= 7.8 Hz, 1H), 7.35 (d, J=7.8 Hz, 1H), 5.71 (s, 1H),
2.47 (s, 3H), 2.36 (s, 3H). 13C NMR (75 MHz, DMSO‑d6): δ 168.6, 164.4,
158.9, 148.5, 138.5, 131.3, 130.2, 128.5, 124.9, 122.0, 110.6, 99.7,
25.1, 20.9. HRMS (ESI, positive) Calcd for C14H13BrN2O3H [M+H]+

337.0182, found: 337.0180.
S8155-9: 71% yield, pale yellow solid. Mp 231–233 °C. 1H NMR

(300 MHz, DMSO‑d6): δ 15.24 (s, 1H), 10.23 (s, 1H), 8.08–7.90 (m, 3H),
7.66–7.58 (m, 4H), 5.75 (s, 1H), 2.42 (s, 3H), 2.39 (s, 3H). 13C NMR
(75 MHz, DMSO‑d6): δ 169.9, 164.8, 158.9, 148.6, 133.8, 132.8, 128.6,
128.4, 128.1, 127.7, 127.0, 125.7, 124.3, 121.9, 110.3, 99.6, 25.2,
20.9. HRMS (ESI, positive) Calcd for C18H16N2NaO3 [M+Na]+

331.1053, found: 331.1049.

2.1.3. Synthetic procedure for S8155-3
A 50 mL round-bottom flask was charged with 1 (300 mg,

1.6 mmol), Raney nickel (30 mg), and methanol (15 mL), and the re-
action was carried out at ambient temperature and under H2 atmo-
sphere for 12 h. After the reaction was completed, the catalyst was
removed by filtration, and the crude product was recrystallized to af-
ford 5-acetyl-6-hydroxy-4-methyl-2(1H)-pyridone (2) (207 mg, 80%
yield) as white crystal. 1H NMR (300 MHz, DMSO‑d6): δ 12.07 (s, 1H),
5.85 (s, 1H), 2.70 (s, 3H), 2.49 (s, 3H); 13C NMR (75 MHz, DMSO‑d6): δ
195.0, 169.3, 161.5, 151.9, 110.4, 103.8, 28.1, 23.5.

To a 50 mL round bottom flask was added 2 (196 mg, 1.3 mmol), O-
phenylenediamine (138 mg, 1.3 mmol) and ethanol (10 mL), and the
mixture was heated to reflux for 3 h. After the disappearance of the
starting material, the reaction solution was cooled to ambient tem-
perature, and the resulting solid (213 mg, 60% yield) was obtained by
suction filtration, washing and air-drying.

S8155-3:Mp 230–232 °C. 1H NMR (300 MHz, DMSO‑d6): δ 14.56 (s,
1H), 10.75 (s, 1H), 7.10–7.04 (m, 1H), 6.98–6.95 (m, 1H), 6.82–6.80
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(m, 1H), 6.64–6.58 (m, 1H), 5.52 (s, 1H), 5.23 (s, 2H), 2.35 (s, 3H),
2.33 (s, 3H). 13C NMR (75 MHz, DMSO‑d6): δ 169.8, 168.6, 163.1,
152.1, 143.9, 128.6, 127.2, 121.6, 116.2, 115.7, 110.9, 99.2, 25.4,
19.9. HRMS (ESI, positive) Calcd for C14H15N3O2H [M+H]+ 258.1237,
found: 258.1241.

2.2. Constructs

Wild-type human CTR was generated by DNA synthesis and mod-
ified to include a C-terminal YFP tag in a mammalian expression vector
pcDNA3.1. Plasmid encoding β-arrestin-2 was a generous gift from Dr.
R.J Lefkowitz at Duke University. The GloSensor plasmid was obtained
from Promega. All constructs were verified by DNA sequencing.

2.3. Measurements of cAMP accumulation

HEK293 cells were co-transfected with CTR-YFP and GloSensor
using PEI (Polysciences) according to the manufacturer’s instructions.
Twenty-four hours later, transfected cells were seeded into 96-well
plates at a density of 30,000 cells per well. For measurement of in-
tracellular cAMP accumulation, cells were incubated with GloSensor
cAMP reagent for two hours and then stimulated with different CTR
ligands. The cAMP signal was measured by the plate reader Mithras
LB940 (2013, Berthold Technologies).

2.4. BRET assay

For measurement of β-arrestin-2 recruitment, HEK293 cells were co-
transfected with plasmids encoding CTR-YFP and Luc-β-arrestin-2 for
48 h. After 12 h of starvation (with low glucose medium culture), cells
were harvested and washed at least three times with PBS, and then cells
were stimulated with different CTR ligands for 10 min at 37 °C.
Subsequently, transfected cells were incubated with Coelenterazine h
(Promega S2011, final concentration of 5 μM) at rt, and two different
light emissions were used for measurement (480 nm for luciferase and
530 nm for yellow fluorescent protein). All the BRET measurements
were performed by Mithras LB940 (2013, Berthold Technologies), and
the signal was determined by calculating the ratio of light intensity
emitted by yellow fluorescent protein over the intensity emitted by
luciferase.

2.5. Bias property quantification

The bias of CTR ligands are quantified according to previous studies
(shown as Eq. (1) at the end of the paragraph) [40,48], Both in cAMP
assay and arrestin recruitment BRET assay, concentration-dependent
response curves were used to determine the EC50 and Emax using
Graphpad. The P1 and P2 denote signaling through GS or β-arrestin-2
activity respectively. “lig” is the abbreviation used for “ligand”, which
denotes the 9 SUN8155 derivatives. “ref” is the abbreviation used for
“reference”, which denotes the compound SUN-B8155. β is the bias
factor, which is calculated as the logarithm of the ratio of intrinsic re-
lative activities for a ligand at two different assays compared with a
reference agonist. A bias factor of 1 between two pathways means that a
ligand is 10 times better for one pathway over the other pathway
compared with the reference balanced agonist [40].

= E P EC P
EC P E P

lig E P EC P
EC P E P

refmax, 1 50, 2
50, 1 max, 2

max, 2 50, 1
50, 2 max, 1 (1)

2.6. Transwell® assay

Transwell assays were performed by using transwell chambers with
an 8.0 μm membrane. Briefly, MCF-7 cells were transfected with CTR-
YFP using PEI (Polysciences) according to the manufacturer’s

instructions. After 24 h, transfected cells were added to the upper
chamber and cultured in 10% FBS, while the lower chamber was sup-
plied with DMEM containing 10% FBS and different CTR ligands. After
48 h, cells on the lower surface of membrane were fixed and stained
with crystal violet. For each well, cell counting was performed in ten
randomly selected fields with absorbance measured at 490 nm. Each
experiment was performed in triplicate and repeated at least three
times. sCT is the agonist of CTR and SCT 8-32 is the antagonist of CTR,
both of which were used at a concentration of 1 μM. SUN-B8155,
S81554 and S8155-7 were used at a concentration of 10 μM.

2.7. Statistics

All data were present as mean ± SEM. The EC50 values for cAMP
assays and BRET assays were calculated using Graphpad Prism 6 soft-
ware. The differences between groups in Transwell® assays were ana-
lyzed using one-way analysis of variance (one-way ANOVA). P-values
less than 0.05 were statistically significant.

3. Results and discussion

3.1. Synthesis of the control compound SUN-B8155 and its derivatives

The synthetic routes for synthesizing SUN-B8155 and its derivatives
are described in Fig. 1. Hydroxylamine hydrochloride reacted with two
equivalents of diketene in the presence of triethylamine, resulting in the
formation of 5-acetyl-1, 6-dihydroxy-4-methyl-2(1H)-pyridone (1) in
only 26% yield [37,38]. When a mixture of water and acetonitrile (2:1
v/v) was used as solvent, the reaction yield was increased to 50%.
Different bases (such as pyridine, LiOH, NaOH, K2CO3, etc.) have been
used to replace triethylamine, but none improved the yield. Ketone 1
and the substituted anilines were heated at reflux in EtOH [39] to afford
SUN-B8155 and its derivatives (S8155-1, S8155-2, S8155-4 to S8155-
9), respectively. Catalytic reduction of 1 with Raney nickel in MeOH
gave 5-acetyl-6-hydroxy-4-methyl-2(1H)-pyridone (2) in 80% yield.
Under the same reaction conditions used for the preparation of SUN-
B8155 and its derivatives, 2 was reacted with one equivalent amount of
O-phenylenediamine to generate S8155-3 in 60% yield (Fig. 1). The
structural characterization and purity of all the compounds described
above were confirmed by their spectral properties (Supplemental file).
Detailed information can be seen in “2.1 Chemical synthesis” in the
section “Materials and Methods”.

3.2. Biological characterization of SUN-B8155 and its derivatives

Calcitonin, a 32-amino acid peptide hormone secreted mainly from
the thyroid gland, plays an important role in maintaining bone home-
ostasis [42-45]. Previous research showed that SUN-B8155 is a pyridine
derivative that mimic the biological activities of CT, acting via the CTR
[20]. SUN-B8155 elevates cAMP accumulation in human and rat cells
and this effect was blocked by CTR antagonist (sCT 8-32). Here, we
determined the ability of SUN-B8155 to activate Gs protein signalling
and the recruitment of β-arrestin-2 in CTR-overexpressing HEK293
cells. The EC50 value of SUN-B8155 for eliciting intracellular cAMP
accumulation levels through human CTR was determined to be
17.3 ± 2 µM, whereas the EC50 of SUN-B8155 for recruitment of β-
arrestin-2 was 80.7 ± 26.5 µM (Table 1 and Fig. 2). Therefore, the
synthesised SUN-B8155 elicits both Gs and β-arrestin-2 mediated sig-
nalling downstream of CTR activation.

We then measured the ability of SUN-B8155 derivatives (S8155-1 to
S8155-9) to promote cAMP accumulation and β-arrestin-2 recruitment
in CTR-transfected cells and compared them to that of SUN-B8155
(Table 1 and Fig. 3). Firstly, elimination of the N-hydroxyl group from
the pyridone ring abolished the activity of S8155-3 in cAMP accumu-
lation and decreased the EC50 of β-arrestin-2 recruitment by at least 6-
fold (Fig. 2B and Table 1). This result indicated that an H-bond or polar
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interaction of SUN-B8155 derivatives formed by N-OH with CTR is a
key interaction in the mediation of both the binding of the compound to
the receptor and its activation of the Gs signalling pathway.

Secondly, moving the NH2 group of SUN-B8155 from the ortho to
meta or para positions in S8155-2 or S8155-4, respectively, greatly
improved their EC50 in recruiting β-arrestin-2, but has no significant
effect on their EC50 in cAMP accumulation. In particular, S8155-4 has
an EC50 of 7.6 ± 2.5 µM and only 10% of the Rmax in cAMP accu-
mulation compared to SUN-B8155. Consistently, the β values for
S8155-2 and S8155-4 are calculated as −1.38 and −2.14 respectively,
according to Eq. (1). This result suggested that the property of S8155-4
activating the β-arrestin-2 pathway is 100 folds stronger than the Gs
pathway, taking SUN-B8155 as the balanced ligand.

Thirdly, among the nine newly synthesised SUN-B8155 analogues,
S8155-7 is the only compound showing slightly increased Gs bias
property compared to SUN-B8155, with a β value of 0.21 as calculated
by Eq. (1) [32,40,41]. It also exhibits an increase in its EC50 value by
approximately 1.7-fold without significant effect on Rmax. It is possible

that this could be due to the effect of substitution of the NH2 group of
the phenyl ring of SUN-B8155 by the CH3 group; which may result in
increased hydrophobic interactions within the receptor site.

Taken together, by synthesizing and screening the nine SUN-B8155
derivatives, we have acquired a compound with slightly improved Gs
signalling (S8155-7), and a compound with significant β-arrestin-2
biased properties (S8155-4). How the differences in chemical structures
determine the bias properties of S8155-4 and S8155-7 still waits for
further structural elucidations.

3.3. Effects of SUN-B8155 derivatives on tumour cell invasion

Previous studies report that calcitonin and its analogues are in-
volved in cancer cell growth. For example, MCF-7 and other several
cancer cell lines contain specific high-affinity receptors for calcitonin
and a calcitonin-responsive adenylate cyclase, which have been char-
acterized with the aid of salmon, human calcitonin and their analogues
[10,15]. In T 47D breast cancer cell line, low doses of salmon calcitonin

Fig. 1. Synthetic route for SUN-B8155 and its derivatives.

Table 1
Bias properties of the 9 derivatives of SUN-B8155.

Ligand Gs β-arrestin-2 β Bias

Rmax (%) EC50 (μM) Rmax (%) EC50 (μM)

SUN-B8155 100.00 17.30 ± 2.05 100.00 80.71 ± 26.59 0.000
S8155-1 103.83 ± 38.94 477.48 ± 56.58 114.45 ± 28.49 324.29 ± 106.81 −0.879 β-arrestin-2
S8155-2 99.50 ± 21.16 112.45 ± 13.32 136.93 ± 34.09 29.78 ± 9.81 −1.385 β-arrestin-2
S8155-3 – – 108.32 ± 39.01 538.01 ± 177.25 – β-arrestin-2
S8155-4 10.13 ± 1.71 25.60 ± 3.03 89.28 ± 22.23 7.59 ± 2.50 −2.142 β-arrestin-2
S8155-5 90.90 ± 6.75 40.83 ± 4.84 81.91 ± 23.84 85.23 ± 28.07 −0.304 β-arrestin-2
S8155-6 39.19 ± 3.90 58.65 ± 6.95 75.69 ± 15.65 65.38 ± 21.53 −0.908 β-arrestin-2
S8155-7 97.14 ± 4.09 11.59 ± 1.37 65.59 ± 9.41 59.24 ± 19.51 0.210 Gs
S8155-8 38.91 ± 6.51 56.57 ± 6.70 138.70 ± 55.15 105.33 ± 30.78 −0.951 β-arrestin-2
S8155-9 101.24 ± 20.87 18.51 ± 2.19 96.50 ± 63.55 41.08 ± 13.53 −0.302 β-arrestin-2

Annotation. Rmax (%) represents the ratio of each derivative’s Emax to that of SUN-B8155. β is called bias factor. This bias factor is an estimate for the molecular
efficacy of Gs pathway or β-arrestin-2 pathway on a logarithmic scale. If β > 0.000, it means the bias property of the Gs pathway; if β < 0.000, it indicates the bias
property of the β-arrestin-2 pathway. “–” is a null value which is not be able to be determined.
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initially stimulated cell growth and then followed by an inhibitory ef-
fect for cell proliferation and migration, which occurred during the log
phase of growth [11]. In DU145 prostate cancer cells, calcitonin in-
duced the inhibition of mitogen-activated kinase and prevented pros-
tate cancer progressing [12]. However, how activation of different CTR
downstream effectors participated in the function of CTR in tumor in-
hibition in these different cellular contexts remain elusive.

Here, we have acquired the S8155-7, a compound that slightly ac-
tivates more Gs signalling downstream of CTR, as well as a compound
S8155-4 with significant β-arrestin-2 bias. These compounds could
serve as tools for CTR functional studies. We then used these tools to

study the biased signalling of CTR in contribution to its inhibition role
in cancer progression in MCF-7 cells. When we treated MCF-7 cells with
1 µM sCT, the tumour invasion ability significantly decreased in the
Transwell® assay (Fig. 3). The application of 10 µM SUN-B8155 has a
much stronger effect on the invasion of MCF-7, as does the application
of 10 µM S8155-4 or 10 µM S8155-7. Importantly, the application of the
CTR antagonist sCT (8-32) significantly blocked the ability of SUN-
B8155, S8155-4 and S8155-7 to inhibit MCF-7 cell migration (Fig. 3).
Therefore, we speculate that the effects of these compounds on MCF-7
cell invasion are partially due to the activation of CTR. However, fur-
ther in vivo studies are still needed to explain the detailed mechanism
of how Gs or β-arrestin-2 mediated pathways contribute to cancer cell
migration inhibition downstream of CTR.

4. Conclusion

SUN-B8155 activated both the Gs and arrestin pathways through its
engagement with CTR, which is dependent on the hydroxyl group at-
taching to the pyridine amide of SUN-B8155. Analogues of SUN-B8155
can act as agonists of CTR through the Gs or arrestin pathway at dif-
ferent levels. S8155-7 improved Gs signalling, whereas S8155-4 is β-
arrestin-2-biased. S8155-4 and S8155-7 inhibited breast cancer cell
migration through CTR agonism.

Our research provides useful chemical tools for studying CTR-
mediated signaling pathways. Future work will involve investigating
effects of these compounds in different CTR-mediated patho-physiolo-
gical processes as well as structural determination of the CTR in com-
plex with these small chemical probes. This will facilitate therapeutic
development targeting CT receptors.

Funding

This work was financially supported by the National Key Basic
Research Program of China Grant (2018YFC1003600 to J.-P.S.), the
National Science Fund for Distinguished Young Scholars Grants
(81773704 to J.-P.S.), the National Science Fund for Excellent Young

Fig. 2. Measurement of cAMP accumu-
lation and β-arrestin-2 recruitment in
response to S8155 1-9 stimulation. (A-
B) Effects of S8155 1-9 on cAMP accu-
mulation in HEK293 cells co-trans-
fected with CTR-YFP and GloSensor.
“RLU” mean relative light unit which
measured the level of cAMP accumula-
tion in living cells. (C-D) Effects of
S8155 1-9 on β-arrestin-2 recruitment
in HEK293 cells co-transfected with
CTR-YFP and Luc-β-arrestin-2. Data are
shown as mean ± SEM and re-
presentative of 3 individual experi-
ments. The BRET Ratio was determined
by dividing the intensity of acceptor
(YFP) luminescence emission at 530 nm
by the intensity of donor (luciferase)
luminescence emission at 480 nm.

Fig. 3. Effects of different CTR ligands on tumor cell invasion. Transwell assays
were performed on MCF-7 cells to detect the effects of different CTR ligands.
sCT, salmon calcitonin (1 μM); sCT 8-32 (1 μM); SUN-B8155 and S8155 deri-
vatives were applied at a concentration of 10 μM. **p < 0.005, ***p < 0.0001,
inhibition of tumor cell migration by different ligands were compared with that
of vehicle. ##p < 0.005, inhibition of tumor cell migration by treatment with
sCT8-32 was compared with no treatment.

S. Zhao, et al. Bioorganic Chemistry 96 (2020) 103596

5



Scholars Grant (81822008 to X.Y.; 81922071 to Y.Z.), the National
Science Foundation of China (21272029 to X. C.), and Zhejiang
Province National Science Fund for Excellent Young Scholars
(LR19H310001 to Y.Z.).

Author contributions

Professors JP S, X C and Y Z planned the research. S Z, YM W and XY
J finished the synthesis of the 9 derivatives of SUN-B8155 under the
guidance of professor X C. SC G and Z G performed the experiment to
test the function of the 9 derivatives as agonist to CTR under the gui-
dance of professor JP S and X Y. Professor Y Z gave guidance to analyze
the data. SC G, Z G and C Y wrote the paper. Professor X C helped polish
the manuscript.

Declaration of Competing Interest

The authors declared that there is no conflict of interest.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bioorg.2020.103596.

References

[1] R. Fredriksson, M.C. Lagerstrom, L.G. Lundin, H.B. Schioth, The G-protein-coupled
receptors in the human genome form five main families. Phylogenetic analysis,
paralogon groups, and fingerprints, Mol. Pharmacol. 63 (2003) 256–1272, https://
doi.org/10.1124/mol.63.6.1256.

[2] N. Kakon, K. Akira, S. Naznin, O. Maho, T. Yoshio, H. Shigehisa, Fish calcitonin
receptor has novel features, Gen. Comp. Endocr. 154 (2007) 48–58, https://doi.
org/10.1016/j.ygcen.2007.06.017.

[3] S.G.B. Furness, Y.L. Liang, C.J. Nowell, M.L. Halls, P.J. Wookey, E.D. Maso,
A. Inoue, A. Christopoulos, D. Wootten, P.M. Sexton, Ligand-dependent modulation
of G protein conformation alters drug efficacy, Cell 167 (2016) 739–749, https://
doi.org/10.1016/j.cell.2016.09.021.

[4] M. Yamaguchi, Y. Watanabe, T. Ohtani, A. Uezumi, M. Norihisa, N. Miki,
S. Takahiko, M. Ikawa, M. Hoshino, K. Tsuchida, M. Yuko, K. Tsujikawa, S. Takeda,
H. Yamamoto, S. Fukada, Calcitonin receptor signaling inhibits muscle stem cells
from escaping the quiescent state and the niche, Cell Rep. 13 (2015) 302–314,
https://doi.org/10.1016/j.celrep.2015.08.083.

[5] C.S. Kovacs, Maternal mineral and bone metabolism during pregnancy, lactation,
and post-weaning recovery, Physiol. Rev. 96 (2016) 449–547, https://doi.org/10.
1152/physrev.00027.2015.

[6] M.V. Clarke, P.K. Russell, D.M. Findlay, S. Sastra, P.H. Anderson, J.P. Skinner,
G.J. Atkins, J.D. Zajac, R.A. Davey, A Role for the calcitonin receptor to limit bone
loss during lactation in female mice by inhibiting Osteocytic Osteolysis,
Endocrinology 156 (2015) 3203–3214, https://doi.org/10.1210/en.2015-1345.

[7] K.S. Selander, P.L. Härkönen, E. Valve, J. Mönkkönen, R. Hannuniemi,
H.K. Väänänen, Calcitonin promotes osteoclast survival in vitro, Mol. Cell.
Endocrinol. 122 (1996) 119–129, https://doi.org/10.1016/0303-7207(96)
03870-1.

[8] A. Venkatanarayan, P. Raulji, W. Norton, D. Chakravarti, C. Coarfa, X. Su,
S.K. Sandur, M.S. Ramirez, J. Lee, C.V. Kingsley, E.F. Sananikone, K. Rajapakshe,
K. Naff, J. Parker-Thornburg, J.A. Bankson, K.Y. Tsai, P.H. Gunaratne, E.R. Flores,
IAPP-driven metabolic reprogramming induces regression of p53-deficient tumours
in vivo, Nature 517 (2015) 626–630, https://doi.org/10.1038/nature13910.

[9] R.A. Davey, D.M. Findlay, Calcitonin: physiology or fantasy? J. Bone Miner. Res. 28
(2013) 973–979, https://doi.org/10.1002/jbmr.1869.

[10] D.M. Findlay, V.P. Michelangeli, J.A. Eisman, R.J. Frampton, J.M. Moseley,
I. MacIntyre, R. Whitehead, T.J. Martin, Calcitonin and 1, 25-dihydroxyvitamin D3
receptors in human breast cancer cell lines, Cancer Res. 40 (1980) 4764–4767.

[11] K.W. Ng, S.A. Livesey, R.G. Larkins, T.J. Martin, Calcitonin effects on growth and on
selective activation of type II isoenzyme of cyclic adenosine 3':5'-monophosphate-
dependent protein kinase in T 47D human breast cancer cells, Cancer Res. 43
(1983) 794–800.

[12] N. Segawa, M. Nakamura, Y. Nakamura, I. Mori, Y. Katsuoka, K. Kakudo,
Phosphorylation of mitogen-activated protein kinase is inhibited by calcitonin in
DU145 prostate cancer cells, Cancer Res. 61 (2001) 6060–6063.

[13] S. Chigurupati, T. Kulkarni, S. Thomas, G. Shah, Calcitonin stimulates multiple
stages of angiogenesis by directly acting on endothelial cells, Cancer Res. 65 (2005)
8519–8529, https://doi.org/10.1158/0008-5472.CAN-05-0848.

[14] R.J. Frampton, L.J. Suva, J.A. Eisman, D.M. Findlay, G.E. Moore, J.M. Moseley,
T.J. Martin, Presence of 1, 25-dihydroxyvitamin D3 receptors in established human
cancer cell lines in culture, Cancer Res. 42 (1982) 1116–1119.

[15] C. Gennari, D. Agnusdei, Calcitonins and osteoporosis, Br. J. Clin. Pract. 48 (1994)
196–200.

[16] D.L. Hay, M.L. Garelja, D.R. Poyner, C.S. Walker, Update on the pharmacology of
calcitonin/CGRP family of peptides: IUPHAR Review 25, Brit. J. Pharmocol. 175
(2018) 3–17, https://doi.org/10.1111/bph.14075.

[17] S. Gydesen, K.V. Andreassen, S.T. Hjuler, J.M. Christensen, M.A. Karsdal,
K. Henriksen, KBP-088, a novel DACRA with prolonged receptor activation, is su-
perior to davalintide in terms of efficacy on body weight, Am. J. Physiol.
Endocrinol. Metab. 310 (2016) E821–E827, https://doi.org/10.1152/ajpendo.
00514.2015.

[18] S. Gydesen, K.V. Andreassen, S.T. Hjuler, L.I. Hellgren, M.A. Karsdal, K. Henriksen,
Optimization of tolerability and efficacy of the novel dual amylin and calcitonin
receptor agonist KBP-089 through dose escalation and combination with a GLP-1
analog, Am. J. Physiol. Endocrinol. Metab. 313 (2017) E598–E607, https://doi.org/
10.1152/ajpendo.00419.2016.

[19] S. Gydesen, S.T. Hjuler, Z. Freving, K.V. Andreassen, N. Sonne, L.I. Hellgren,
M.A. Karsdal, K. Henriksen, A novel dual amylin and calcitonin receptor agonist,
KBP-089, induces weight loss through a reduction in fat, but not lean mass, while
improving food preference, Br. J. Pharmacol. 174 (2017) 591–602, https://doi.org/
10.1111/bph.13723.

[20] T. Katayama, M. Furuya, K. Yamaichi, K. Konishi, N. Sugiura, H. Murafuji,
K. Magota, M. Saito, S. Tanaka, S. Oikawa, Discovery of a non-peptide small mo-
lecule that selectively mimics the biological actions of calcitonin, Biochim. Biophys.
Acta, Mol. Cell. Biol. Lipids 1526 (2001) 183–190, https://doi.org/10.1016/S0304-
4165(01)00125-8.

[21] J.S. Smith, R.J. Lefkowitz, S. Rajagopal, Biased signalling: from simple switches to
allosteric microprocessors, Nat. Rev. Drug Discov. 17 (2018) 243–260, https://doi.
org/10.1038/nrd.2017.229.

[22] Y.L. Liang, M. Khoshouei, M. Radjainia, Y. Zhang, A. Glukhova, J. Tarrasch,
D.M. Thal, S.G.B. Furness, G. Christopoulos, T. Coudrat, R. Danev, W. Baumeister,
L.J. Miller, A. Christopoulos, B.K. Kobilka, D. Wootten, G. Skiniotis, P.M. Sexton,
Phase-plate cryo-EM structure of a class B GPCR-G-protein complex, Nature 546
(2017) 118–123, https://doi.org/10.1038/nature22327.

[23] D.L. Zhang, Y.J. Sun, M.L. Ma, Y.J. Wang, H. Lin, R.R. Li, Z.L. Liang, Y. Gao,
Z. Yang, D.F. He, A. Lin, H. Mo, L.Y. Ju, M.J. Li, W. Kong, K.Y. Chung, F. Yi, J.Y. Li,
Y.Y. Qin, J. Li, A.R.B. Thomsen, A.W. Kahsai, Z.J. Chen, Z.G. Xu, M. Liu, D. Li, X. Yu,
J.P. Sun, Gq activity- and beta-arrestin-1 scaffolding-mediated ADGRG2/CFTR
coupling are required for male fertility, Elife 7 (2018), https://doi.org/10.7554/
eLife. 33432.

[24] T. Li, B. Yu, Z. Liu, J. Li, M. Ma, Y. Wang, M. Zhu, H. Yin, X. Wang, Y. Fu, F. Yu,
X. Wang, X. Fang, J. Sun, W. Kong, Homocysteine directly interacts and activates
the angiotensin II type I receptor to aggravate vascular injury, Nat. Commun. 9
(2018) 11, https://doi.org/10.1038/s41467-017-02401-7.

[25] Q. Li, M. Cui, F. Yang, N. Li, B. Jiang, Z. Yu, D. Zhang, Y. Wang, X. Zhu, H. Hu,
P.S. Li, S.L. Ning, S. Wang, H. Qi, H. Song, D. He, A. Lin, J. Zhang, F. Liu, J. Zhao,
L. Gao, F. Yi, T. Xue, J.P. Sun, Y. Gong, X. Yu, A cullin 4B-RING E3 ligase complex
fine-tunes pancreatic delta cell paracrine interactions, J. Clin. Invest. 127 (2017)
2631–2646, https://doi.org/10.1172/JCI91348.

[26] J.H. Dong, Y.J. Wang, M. Cui, X.J. Wang, W.S. Zheng, M.L. Ma, F. Yang, D.F. He,
Q.X. Hu, D.L. Zhang, S.L. Ning, C.H. Liu, C. Wang, Y. Wang, X.Y. Li, F. Yi, A. Lin,
A.W. Kahsai, T.J. Cahill, Z.Y. Chen, X. Yu, J.P. Sun, Adaptive activation of a stress
response pathway improves learning and memory through Gs and beta-arrestin-1-
regulated lactate metabolism, Biol. Psych. 81 (2017) 654–670, https://doi.org/10.
1016/j.biopsych.2016.09.025.

[27] C.H. Liu, Z. Gong, Z.L. Liang, Z.X. Liu, F. Yang, Y.J. Sun, M.L. Ma, Y.J. Wang,
C.R. Ji, Y.H. Wang, M.J. Wang, F.A. Cui, A. Lin, W.S. Zheng, D.F. He, C.X. Qu,
P. Xiao, C.Y. Liu, A.R. Thomsen, C.T. Joseph, A.W. Kahsai, F. Yi, K.H. Xiao, T. Xue,
Z. Zhou, X. Yu, J.P. Sun, Arrestin-biased AT1R agonism induces acute catechola-
mine secretion through TRPC3 coupling, Nat. Commun. 8 (2017) 14335, https://
doi.org/10.1038/ncomms14335.

[28] Z. Yang, F. Yang, D. Zhang, Z. Liu, A. Lin, C. Liu, P. Xiao, X. Yu, J.P. Sun,
Phosphorylation of G protein-coupled receptors: from the barcode hypothesis to the
flute model, Mol. Pharmacol. 92 (2017) 201–210, https://doi.org/10.1124/mol.
116.107839.

[29] F. Yang, X. Yu, C. Liu, C.X. Qu, Z. Gong, H.D. Liu, F.H. Li, H.M. Wang, D.F. He, F. Yi,
C. Song, C.L. Tian, K.H. Xiao, J.Y. Wang, J.P. Sun, Phospho-selective mechanisms of
arrestin conformations and functions revealed by unnatural amino acid in-
corporation and (19) F-NMR, Nat. Commun. 6 (2015) 8202, https://doi.org/10.
1038/ncomms9202.

[30] S.L. Ning, W.S. Zheng, J. Su, N. Liang, H. Li, D.L. Zhang, C.H. Liu, J.H. Dong,
Z.K. Zhang, M. Cui, Q.X. Hu, C.C. Chen, C.H. Liu, C. Wang, Q. Pang, Y.X. Chen,
X. Yu, J.P. Sun, Different downstream signalling of CCK1 receptors regulates dis-
tinct functions of CCK in pancreatic beta cells, Br. J. Pharmacol. 172 (2015)
5050–5067, https://doi.org/10.1111/bph.13271.

[31] H.M. Wang, J.H. Dong, Q. Li, Q. Hu, S.L. Ning, W. Zheng, M. Cui, T.S. Chen, X. Xie,
J.P. Sun, X. Yu, A stress response pathway in mice upregulates somatostatin level
and transcription in pancreatic delta cells through Gs and beta-arrestin 1,
Diabetologia 57 (2014) 1899–1910, https://doi.org/10.1007/s00125-014-3290-0.

[32] H.D. Liu, W.B. Wang, Z.G. Xu, C.H. Liu, D.F. He, L.P. Du, M.Y. Li, X. Yu, J.P. Sun,
FFA4 receptor (GPR120): a hot target for the development of anti-diabetic thera-
pies, Eur. J. Pharmacol. 763 (2015) 160–168, https://doi.org/10.1016/j.ejphar.
2015.06.028.

[33] H.Y. Lin, T.L. Harris, M.S. Flannery, A. Aruffo, E.H. Kaji, A. Gorn, L.F. Kolakowski,
H.F. Lodish, S.R. Goldring, Expression cloning of an adenylate cyclase-coupled
calcitonin receptor, Science 254 (1991) 1022–1024, https://doi.org/10.1126/
science.1658940.

[34] T. Force, J.V. Bonventre, M.R. Flannery, A.H. Gorn, M. Yamin, S.R. Goldring, A
cloned porcine renal calcitonin receptor couples to adenylyl cyclase and

S. Zhao, et al. Bioorganic Chemistry 96 (2020) 103596

6

https://doi.org/10.1016/j.bioorg.2020.103596
https://doi.org/10.1016/j.bioorg.2020.103596
https://doi.org/10.1124/mol.63.6.1256
https://doi.org/10.1124/mol.63.6.1256
https://doi.org/10.1016/j.ygcen.2007.06.017
https://doi.org/10.1016/j.ygcen.2007.06.017
https://doi.org/10.1016/j.cell.2016.09.021
https://doi.org/10.1016/j.cell.2016.09.021
https://doi.org/10.1016/j.celrep.2015.08.083
https://doi.org/10.1152/physrev.00027.2015
https://doi.org/10.1152/physrev.00027.2015
https://doi.org/10.1210/en.2015-1345
https://doi.org/10.1016/0303-7207(96)03870-1
https://doi.org/10.1016/0303-7207(96)03870-1
https://doi.org/10.1038/nature13910
https://doi.org/10.1002/jbmr.1869
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0050
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0050
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0050
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0055
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0055
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0055
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0055
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0060
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0060
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0060
https://doi.org/10.1158/0008-5472.CAN-05-0848
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0070
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0070
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0070
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0075
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0075
https://doi.org/10.1111/bph.14075
https://doi.org/10.1152/ajpendo.00514.2015
https://doi.org/10.1152/ajpendo.00514.2015
https://doi.org/10.1152/ajpendo.00419.2016
https://doi.org/10.1152/ajpendo.00419.2016
https://doi.org/10.1111/bph.13723
https://doi.org/10.1111/bph.13723
https://doi.org/10.1016/S0304-4165(01)00125-8
https://doi.org/10.1016/S0304-4165(01)00125-8
https://doi.org/10.1038/nrd.2017.229
https://doi.org/10.1038/nrd.2017.229
https://doi.org/10.1038/nature22327
https://doi.org/10.7554/eLife. 33432
https://doi.org/10.7554/eLife. 33432
https://doi.org/10.1038/s41467-017-02401-7
https://doi.org/10.1172/JCI91348
https://doi.org/10.1016/j.biopsych.2016.09.025
https://doi.org/10.1016/j.biopsych.2016.09.025
https://doi.org/10.1038/ncomms14335
https://doi.org/10.1038/ncomms14335
https://doi.org/10.1124/mol.116.107839
https://doi.org/10.1124/mol.116.107839
https://doi.org/10.1038/ncomms9202
https://doi.org/10.1038/ncomms9202
https://doi.org/10.1111/bph.13271
https://doi.org/10.1007/s00125-014-3290-0
https://doi.org/10.1016/j.ejphar.2015.06.028
https://doi.org/10.1016/j.ejphar.2015.06.028
https://doi.org/10.1126/science.1658940
https://doi.org/10.1126/science.1658940
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0170
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0170


phospholipase C, Am. J. Physiol. 262 (1992) F1110–F1115.
[35] A. Teti, R. Paniccia, S.R. Goldring, Calcitonin increases cytosolic free calcium

concentration via capacitative calcium influx, J. Biol. Chem. 270 (1995)
16666–16670, https://doi.org/10.1074/jbc.270.28.16666.

[36] M. Chakraborty, D. Chatterjee, S. Kellokumpu, H. Rasmussen, R. Baron, Cell cycle-
dependent coupling of the calcitonin receptor to different G proteins, Science 251
(1991) 1078–1082, https://doi.org/10.1126/science.1847755.

[37] T. Kato, N. Katagiri, N. Minami, Studies on ketene and its derivatives XLVIII.
Reaction of diketene with hydroxylamine, Chem. Pharm. Bull. 20 (7) (1972)
1368–1373.

[38] R. Kakarla, B.D. Dorsey, Substituted 1-hydroxy-pyridin-2(1H)-ones, and methods of
making and using the same, US Patent application No. 2019/0169128 A1.

[39] T. Katayama, M. Saito, S. Oikawa, S. Tanaka, Calcitonin receptor agent, Japan
Patent application No. 2001294574A.

[40] S. Rajagopal, S. Ahn, D.H. Rominger, W. Gowen-MacDonald, C.M. Lam,
S.M. Dewire, J.D. Violin, R.J. Lefkowitz, Quantifying ligand bias at seven-trans-
membrane receptors, Mol. Pharmacol. 80 (3) (2011) 367–377, https://doi.org/10.
1124/mol.111.072801.

[41] R.F. Furchgott, The use of beta-haloaklylamines in the differentiation of the re-
ceptors and in the determination of dissociation constants of receptor-agonist
complexes, Advances in Drug Research, first ed., Academic Press, NY, 1966.

[42] M. Azria, D.H. Copp, J.M. Zanelli, 25 Years of salmon calcitonin: from synthesis to
therapeutic use, Calcif. Tissue Int. 57 (1995) 405–408, https://doi.org/10.1007/
BF00301940.

[43] T.J. Martin, Calcitonin, an update, Bone 24 (1999) 63S–65S, https://doi.org/10.
1016/S8756-3282(99)00068-X.

[44] R. Muff, M.A. Dambacher, J.A. Fischer, Formation of neutralizing antibodies during
intranasal synthetic salmon calcitonin treatment of postmenopausal osteoporosis,
Osteopor. Int. 1 (1991) 72–75, https://doi.org/10.1007/BF01880446.

[45] M. Ikegame, M. Rakopoulos, T.J. Martin, J.M. Moseley, D.M. Findlay, Effects of
continuous calcitonin treatment on osteoclast-like cell development and calcitonin
receptor expression in mouse bone marrow cultures, J. Bone Miner. Res. 11 (1996)

456–465.
[46] H. Wei, S. Ahn, S.K. Shenoy, S.S. Karnik, L. Hunyady, L.M. Luttrell, R.J. Lefkowitz,

Independent beta-arrestin 2 and G protein-mediated pathways for angiotensin II
activation of extracellular signal-regulated kinases 1 and 2, Proc. Natl. Acad. Sci.
100 (2003) 10782–10787, https://doi.org/10.1073/pnas.1834556100.

[47] T. Kenakin, Agonist-receptor efficacy. II. Agonist trafficking of receptor signals,
Trends Pharmacol. Sci. 16 (1995) 232–238, https://doi.org/10.1016/S0165-
6147(00)89032-X.

[48] A. Li, D. Yang, M. Zhu, K. Tsai, K. Xiao, X. Yu, J. Sun, L. Du, Discovery of novel FFA4
(GPR120) receptor agonists with beta-arrestin2-biased characteristics, Future Med.
Chem. 7 (2015) 2429–2437, https://doi.org/10.4155/fmc.15.160.

[49] E. Reiter, S. Ahn, A.K. Shukla, R.J. Lefkowitz, Molecular mechanism of beta-ar-
restin-biased agonism at seven-transmembrane receptors, Annu. Rev. Pharmacol.
Toxicol. 52 (2012) 179–197, https://doi.org/10.1146/annurev.pharmtox.010909.
105800.

[50] C.H. Liu, Z. Gong, Z.L. Liang, Z.X. Liu, F. Yang, Y.J. Sun, M.L. Ma, Y.J. Wang,
C.R. Ji, Y.H. Wang, M.J. Wang, F.A. Cui, A. Lin, W.S. Zheng, D.F. He, C.X. Qu,
P. Xiao, C.Y. Liu, A.R. Thomsen, T.J. Cahill, A.W. Kahsai, F. Yi, K.H. Xiao, T. Xue,
Z. Zhou, X. Yu, J.P. Sun, Arrestin-biased AT1R agonism induces acute catechola-
mine secretion through TRPC3 coupling, Nat. Commun. 8 (2017) 14335, https://
doi.org/10.1038/ncomms14335.

[51] D.L. Zhang, Y.J. Sun, M.L. Ma, Y.J. Wang, H. Lin, R.R. Li, Z.L. Liang, Y. Gao,
Z. Yang, D.F. He, A. Lin, H. Mo, Y.J. Lu, M.J. Li, W. Kong, K.Y. Chung, F. Yi, J.Y. Li,
Y.Y. Qin, J. Li, A.R.B. Thomsen, A.W. Kahsai, Z.J. Chen, Z.G. Xu, M. Liu, D. Li, X. Yu,
J.P. Sun, Gq activity- and beta-arrestin-1 scaffolding-mediated ADGRG2/CFTR
coupling are required for male fertility, Elife 7 (2018) 1–39, https://doi.org/10.
7554/eLife.33432.

[52] F. Yang, P. Xiao, C.X. Qu, Q. Liu, L.Y. Wang, Z.X. Liu, Q.T. He, C. Liu, J.Y. Xu,
R.R. Li, M.J. Li, Q. Li, X.Z. Guo, Z.Y. Yang, D.F. He, F. Yi, K. Ruan, Y.M. Shen, X. Yu,
J.P. Sun, J. Wang, Allosteric mechanisms underlie GPCR signaling to SH3-domain
proteins through arrestin, Nat. Chem. Biol. 14 (2018) 876–886, https://doi.org/10.
1038/s41589-018-0115-3.

S. Zhao, et al. Bioorganic Chemistry 96 (2020) 103596

7

http://refhub.elsevier.com/S0045-2068(19)31652-9/h0170
https://doi.org/10.1074/jbc.270.28.16666
https://doi.org/10.1126/science.1847755
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0185
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0185
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0185
https://doi.org/10.1124/mol.111.072801
https://doi.org/10.1124/mol.111.072801
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0205
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0205
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0205
https://doi.org/10.1007/BF00301940
https://doi.org/10.1007/BF00301940
https://doi.org/10.1016/S8756-3282(99)00068-X
https://doi.org/10.1016/S8756-3282(99)00068-X
https://doi.org/10.1007/BF01880446
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0225
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0225
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0225
http://refhub.elsevier.com/S0045-2068(19)31652-9/h0225
https://doi.org/10.1073/pnas.1834556100
https://doi.org/10.1016/S0165-6147(00)89032-X
https://doi.org/10.1016/S0165-6147(00)89032-X
https://doi.org/10.4155/fmc.15.160
https://doi.org/10.1146/annurev.pharmtox.010909.105800
https://doi.org/10.1146/annurev.pharmtox.010909.105800
https://doi.org/10.1038/ncomms14335
https://doi.org/10.1038/ncomms14335
https://doi.org/10.7554/eLife.33432
https://doi.org/10.7554/eLife.33432
https://doi.org/10.1038/s41589-018-0115-3
https://doi.org/10.1038/s41589-018-0115-3

	Cell active and functionally-relevant small-molecule agonists of calcitonin receptor
	Introduction
	Materials and methods
	Chemical synthesis
	Synthetic procedure for 5-acetyl-1,6-dihydroxy-4-methyl-2(1H)-pyridone (1)
	General procedure for synthesizing SUN-B8155 and its derivatives (S8155-1, -2, -4-9)
	Synthetic procedure for S8155-3

	Constructs
	Measurements of cAMP accumulation
	BRET assay
	Bias property quantification
	Transwell® assay
	Statistics

	Results and discussion
	Synthesis of the control compound SUN-B8155 and its derivatives
	Biological characterization of SUN-B8155 and its derivatives
	Effects of SUN-B8155 derivatives on tumour cell invasion

	Conclusion
	Funding
	Author contributions
	mk:H1_20
	Supplementary material
	References




