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The integrin family of cell surface extracellular matrix binding proteins are key to several physiological

processes involved in tissue development, as well as cancer proliferation and dissemination. They are

therefore attractive targets for drug discovery with cancer and non-cancer applications. We have

developed a new integrin antagonist chemotype incorporating a functionalised cyclobutane ring as the

central scaffold in an arginine–glycine–aspartic acid mimetic structure. Here, we report the synthesis of

cyclobutanecarboxylic acids and cyclobutylamines with tetrahydronaphthyridine and aminopyridine

arginine mimetic sidechains and masked carboxylic acid aspartic acid mimetic sidechains of varying length.

Effective αvβ3 antagonists and new aspartic acid mimetics were identified in cell-based adhesion and

invasion assays. A lead compound selected based on in vitro activity (IC50 < 1 μM), stability (t1/2 > 80

minutes) and synthetic tractability was well-tolerated in vivo. These results show the promise of this

synthetic approach for developing αvβ3 antagonists and provide a firm foundation to progress into

advanced preclinical evaluation prior to progression towards the clinic. Additionally, they highlight the use

of functionalised cyclobutanes as metabolically stable core structures and a straightforward and robust

method for their synthesis. This important contribution to the medicinal chemists' toolbox paves the way

for increased use of cyclobutanes in drug discovery.

Introduction

Metastasis is the major cause of death and disability from
many cancers and remains a major challenge for cancer
therapy.1 The identification of effective strategies to prevent
metastatic dissemination and development of secondary
tumours is an important goal for drug development.

Integrin receptors, particularly the subfamily which
recognise the Arg–Gly–Asp (RGD) sequence in extracellular

matrix proteins, have been shown to play key roles in the
development of blood and lymph-borne metastases and
therefore are attractive targets for drug development. Integrin
αvβ3, the prototypical member of the RGD-recognising
subfamily, supports tumour angiogenesis2 and is required for
invasion and migration;3 its expression is increased during
these processes,4–7 allowing tumour cells to interact with
platelets and adhere to the metastatic site.4,8 Metastasis to
bone is promoted by migration towards RGD-containing
proteins in the bone microenvironment and indirectly
enhancing osteoclast-mediated bone resorption.9 Lung
metastasis is promoted through αvβ3-expressing cells
interacting with fibronectin and fibrin to invade clots in the
lung vasculature.10 Knockdown or pharmacological inhibition
of αvβ3 reduces in vivo tumour growth and metastasis in a
number of tumour types,11–17 however translation of these
results to the clinic has so far been unsuccessful, often due
to poor pharmacokinetics rendering it difficult to reach
therapeutic concentrations for adequate time periods which
can cause paradoxical effects.18,19

Antagonists of αvβ3 are usually competitive antagonists of
the RGD recognition sequence comprising arginine and
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aspartic acid sidechain mimetics presented in the optimum
binding conformation by a core scaffold. We hypothesised
that a cyclobutane core would provide an appropriate
skeleton to direct arginine and aspartate mimetic sidechains
in the correct orientation for high αvβ3 affinity while
potentially improving the antagonist's pharmacokinetic
properties and in vivo effectiveness.20 Cyclobutanes are
underutilised in medicinal chemistry due to the limited
range of methods for the synthesis of functionalised rings21

particularly in the core of molecules.20 This work
demonstrates a simple method that allows the synthesis of a
wide range of novel RGD-mimetics and the first study of
in vivo tolerability of the cyclobutane RGD-mimetic
chemotype.

Results and discussion
Antagonist synthesis

Tetrahydronaphthyridines. ICT9055 1 (Fig. 1) was designed
as a RGD-mimetic using the cyclobutane as core (Gly-mimetic)
controlling the orientation of 2 sidechains bearing
tetrahydronaphthyridine (Arg-mimetic) and ester (Asp-mimetic)
sidechains.22 It is considerably more active than analogues with
shorter carbon sidechains, establishing the minimum length
required for anti-αvβ3 activity.22 Further investigation of the
linker was planned to examine longer compounds and different
orientation of hydrogen bonding groups within the molecule.
Cyclobutanes 15 and 16 were synthesised as previously
described: aldehydes 9 and 10 (obtained respectively from ethyl
levulinate and ethyl-4-acetylbutyrate) were subjected to a one
pot cyclisation–quaternisation–elimination reaction to give
cyclobutenes 11 and 12 (Scheme 1).22 Reduction of the
cyclobutene, deprotection of the sidechain ketone and
Friedlander synthesis gave the cyclobutanes 15 and 16 bearing
an Arg mimetic napththyridine sidechain. 15 and 16 were
coupled with novel Asp sidechain mimetics 7 and 8 obtained
from glutamine (Scheme 1) to afford naphthyridine RGD
mimetics 17–20. The naphthyridine ring was selectively reduced

Fig. 1 Structure of the cyclobutane-based αvβ3 integrin antagonist
ICT9055.

Scheme 1 Synthesis of naphthyridine- and tetrahydronapthyridine–cyclobutane RGD mimetics with varying linker length. a. ArSO2Cl, NaOH,
dioxane/H2O, RT, 4.5 h; b. Br2, NaOH, H2O, 0–90 °C, 1 h; c. SOCl2, MeOH, RT, 26 h; d. Et2NH, K2CO3, then methyl acrylate, MeCN, RT, 3 days; e.
MeI, MeCN, RT, 24 h; f. DBU, CHCl3, reflux, 24 h; g. H2, Pd/C, EtOAc, RT, 23 h; h. HCl, MeOH, RT, 1.3 h; i. 2-amino-3-pyridinecarboxaldehyde,
pyrrolidine, H2SO4, MeOH, RT, 24 h; j. aq. HCl, RT, 18–24 h; k. EDCI, HOBt, DIPEA, 7 or 8, DMF, RT, 24 h; l. H2, PtO2, MeOH, RT, 23 h.
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with hydrogen/platinum oxide to give tetrahydronaphthyridine
(THN) RGD mimetics 21–24.

Tetrahydronaphthyridine reversed amides. Incorporation
of a reversed amide may improve stability towards metabolism
by proteases by further changing the structure from a RGD
peptide sequence. Cyclobutylamine 25 was synthesised in
quantitative yield from cyclobutane 16 via hydrolysis of the ester
followed by Curtius rearrangement (Scheme 2). The original
method used for the rearrangement23 involving reaction at 45
°C followed by stirring at room temperature overnight,
basification of the reaction mixture and extraction with diethyl
ether, gave low (19–41%) yields, which were attributed to
degradation of the product during the reaction and poor
recovery of the water soluble cyclobutylamine. Changing the
extraction solvent to DCM improved recovery and the long
reaction time proved completely unnecessary: reaction at 45 °C
followed by immediate workup gave 25 in quantitative yield
(Table 1).

Cyclobutylamine 25 was coupled with aspartate-derived
α-sulphonamides 26 and 27 to yield the expected compounds

28 and 29 along with succinimide side products 30 and 31.
We had previously observed that the solvent used was key to
success of amide coupling reactions of cyclobutanecarboxylic
acids: coupling with β-alanine gave high yields in DCM but
sulfonamide-substituted acids only coupled in DMF.22

Comparing the two solvents here, better overall yields were
obtained with DMF. Use of DCM reduced the amount of
cyclised 30 and 31 formed but did not correspondingly
increase recovery of 28 and 29 (Table 2).

The naphthyridine RGD mimetics 28–31 were
hydrogenated to give the target tetrahydronaphthyridine RGD
mimetics 32–35. All compounds 28–35 were tested for anti-
integrin activity (Table 3); as amides 28, 29, 32, 33 and cyclic
derivatives 30, 31, 34, 35 could interconvert under biological
conditions as well as during synthesis we wished to screen
the succinimides for toxicity and determine whether their
presence could cause loss of integrin inhibition.

The potential interconversion of amides and cyclic
succinimides could result in positional isomers with
different locations of the sulfonamide substituent depending
on the direction of ring opening. Asp mimetics β-substituted
by aromatic rings have been reported previously24 however
β-phenylsulfonamide Asp mimetics are unknown. The
desired Asp mimetic 36 was readily available by reaction of
commercially available aspartic acid 4-tert-butyl ester with
phenylsulfonyl chloride. Unfortunately, we were unable to
prepare the mesityl analogue of 36, presumably due to the
greater steric bulk of the tert-butyl ester and mesityl groups.
β-Phenylsulfonamide RGD mimetic analogues of 28 and 32
were synthesised by coupling cyclobutylamine 25 with Asp
mimetic 36 to give naphthyridine RGD mimetic 37. The
coupling reaction was carried out in DCM and no cyclised
side-product was observed. Amide 37 was hydrogenated to
give tetrahydronaphthyridine RGD mimetic 39 (Scheme 3).
The respective carboxylic acid analogues 38 and 40 were also
synthesised by treatment of the ester with TFA.

Aminopyridines. An aminopyridine Arg mimetic is a
smaller, more flexible analogue of the tetrahydronaphthyridine
group and avoids the potential issue of regioselectivity the
naphthyridine reduction step. While our THN-containing
molecules had acceptable (>95%) purity by LC–MS, an
aminopyridine analogue is more desirable for reliable future
scale-up.25

The only active integrin antagonist cyclobutanes reported
to date are all THN-based.22,26 We proposed that an
aminopyridine sidechain could be obtained via the one-pot
cyclobutene formation using aldehyde 43, which could be
obtained by oxidising the corresponding primary alcohol, a

Scheme 2 Synthesis of naphthyridine- and tetrahydronapthyridine–
cyclobutane RGD mimetics containing a reversed amide
cyclobutylamine skeleton. Spontaneous cyclisation occurred during
the coupling reaction to yield a novel Asp mimetic. a. aq. HCl, RT, 24
h; b. NaN3, H2SO4, CHCl3, 45 °C, 5 h, 100% over 2 steps; c. EDCI,
HOBt, DIPEA, 26 or 27, solvent, RT, see Table 2 for yields; d. H2, PtO2,
MeOH, RT, 23 h.

Table 1 Optimisation of the Curtius reaction

Entry 16 (mmol) :H2SO4 (ml) : CHCl3 (ml) Time at 45 °C Time at RT Workup Yield 25

1 1 : 1 : 2 5.5 h 17 h Adjust pH to 13, extract with Et2O 19%
2 1 : 2 : 4 5 h 17 h Evaporate, adjust pH to 14, extract with Et2O 41%
3 1 : 2 : 4 5 h 45 min Evaporate, adjust pH to 14, extract with DCM 71%
4 1 : 2 : 4 5 h 0 Adjust pH to 14, extract with DCM 100%
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known compound reported to be synthesised by alkylation of
protected aminopyridine 41 with allyl bromide followed by
hydroboration/oxidation (Scheme 4).27 In our hands, the
route proved unreliable and did not consistently give
acceptable yields despite meticulous attention to reaction
conditions in the alkylation step.

The alkylation of 41 became a barrier to obtaining enough
material to continue the synthesis of aminopyridine-sidechain
cyclobutanes. Therefore, a cross-coupling-based alternative route
to 43 was developed (Scheme 5). Gratifyingly, palladium-catalysed
cross-coupling of bromoaminopyridine 45 with but-3-yn-1-ol was
consistently high yielding; initial reaction using 0.02 equivalents
(eq.) Pd and 0.01 eq. Cu catalysts gave 76% yield and increasing
the amount of CuI to 0.02 eq. reliably gave yields of 94–97% on a
gram scale. Hydrogenation gave the protected pyridine aldehyde
43 which was readily converted to cyclobutane 48 and coupled
with Asp mimetics 49/50. Deprotection with TFA gave the target
antagonists 53 and 54 in good yield.

In vitro studies. Compounds were screened for non-
specific cytotoxicity using the MTT assay before use in anti-

αvβ3 functional assays. Unlike normal cells, cancer cell
survival is often independent of αvβ3, and checking for
cytotoxicity ensures inhibition of adhesion and invasion are
truly from αvβ3 inhibition rather than cell death. The
majority proved to be less toxic than 1 and control RGD
mimetic peptide cycloRGDfV in αvβ3-expressing U87-MG
glioblastoma and SK-Mel-2 melanoma cells (ESI† Table S1).
In general, aminopyridines 53 and 54 were more cytotoxic
than most THN-containing mimetics.

Initial screening for anti-αvβ3 activity was carried out
using our previously established22 adhesion assay measuring
the effect of compounds on αvβ3-mediated Sk-Mel-2
melanoma cells binding to immobilised fibronectin (Table 3).
In general, naphthyridine compounds were considerably less
active than their tetrahydronaphthyridine counterparts (e.g.
20 < 24, 28 < 32, 31 < 35), and mesitylsulfonamides were
more active than the phenylsulfonamides (e.g. 21 < 22, 23 <

24, 34 < 35).
Increasing the length of the antagonist by switching the Asp

mimetic from 2,3-diaminopropionate to 2,4-diaminobutanoate
or extending the carbon chain between Arg mimetic and
cyclobutane resulted in a decrease in anti-adhesive activity in
some (24 < 1) but not all (23 < 21; 17 < 19; 22 ≈ 24) cases, in
contrast to the total loss of activity observed by Kessler on
substitution of glycine to β-alanine or aspartate to glutamate.28

As the saturated sidechains are relatively flexible the longer
molecules may be able to bend into an appropriate
configuration to fit the αvβ3 binding site. Reversing the amide
(33 vs. 1) also had little effect on activity.

Table 2 Effect of solvent on product distribution in coupling reactions
of 25

Entry Acid Solvent Yield amide Yield succinimide Ratio

1 26 DMF 34% (28) 22% (30) 1.55 : 1
2 26 DCM 44% (28) 18% (30) 2.44 : 1
3 27 DMF 44% (29) 46% (31) 0.96 : 1
4 27 DCM 43% (29) 10% (31) 4.3 : 1

Table 3 Anti-αvβ3 activity

Compound Adhesion % inhibitiona@50 μM Adhesion % inhibitiona@5 μM Adhesion IC50
a/μM Invasion % inhibitionb@10 μM

17 13 ± 25 — — 23.3 ± 6.2
18 — — — 17.4 ± 3.7
19 c 54.0 ± 15.0 — —
20 c 43.0 ± 6.0 11.5 ± 5.3 55.7 ± 1.2
21 c 4.0 ± 9.0 29.4 ± 2.1 49.5 ± 8.8
22 c 83.0 ± 19.0 — 22.9 ± 5.7
23 c 57.0 ± 13.0 — —
24 c 74.0 ± 10.0 — 35.0 ± 9.0
28 42.4 ± 16.3 — — 28.5 ± 4.4
29 56.6 ± 15.3 — — 70.4 ± 1.4
30 — 39.9 ± 23.8 — 22.6 ± 4.0
31 60.9 ± 23.8 13.8 ± 9.7 49.5 ± 29.8 —
32 — 45.4 ± 13.7 — 41.6 ± 4.7
33 — 89.5 ± 8.7 1.2 ± 0.9 33.7 ± 7.4
34 73.9 ± 24.6 60.2 ± 14.8 3.28 ± 0.01 69.9 ± 1.8
35 — —d 1.8 ± 1.0 —
37 c 50 ± 17 13.6 ± 8.3 —
38 43 ± 31 — — —
39 c 71 ± 16 — —
40 c 67 ± 16 — —
53 — 85.0 ± 1.4 1.8 ± 0.4 62.9 ± 1.5
54 — 84.9 ± 11.2 0.6 ± 0.7 48.6 ± 1.0
1 ICT9055 — 98.4 ± 1.9 0.34 ± 0.33 60.2 ± 0.2
cRGDfV — 61.5 ± 15.1 2.1 ± 0.8 41.2 ± 4.6

a Inhibition of αvβ3-mediated SK-Mel-2 melanoma cell adhesion to fibronectin by compounds at the stated concentration. b Inhibition of U87-
MG spheroid Matrigel invasion. c >75% inhibition in an initial trial experiment; not tested further at this concentration. d 45.6 ± 20.9
inhibition at 0.5 μM. Data are given as the mean ± SD of a minimum of 3 independent experiments. — Not tested.
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The carboxylic acid and hydrophobic sidechain in the Asp
mimetic have been shown to be very important for β3 binding.29

The hydrophobic sidechain normally contains S α-sulfonamides
or aromatic groups in the β position (for a review of
peptidomimetic and exosite binding structures functional
groups see ref. 30). β-Sulfonamides are practically
unprecedented in integrin antagonists,31 and have not been
investigated in the context of β3 integrin antagonism. A
terminal carboxylic acid or an ester which is hydrolysed to
reveal one in biological systems is generally considered
mandatory for integrin binding. Unexpectedly, the succinimide
side-products of coupling Asp mimetics with cyclobutylamine
25 had very similar (31 vs. 29, 35 vs. 33), or greater anti-adhesive
activity (30 vs. 28, 34 vs. 32) than the original target reversed
amides. We hypothesised that this activity resulted from ring-
opening under the assay conditions to release an active
carboxylic acid. As the ring-opening was unlikely to be
regioselective, we compared β-sulfonamides 37–40 to the
α-phenylsulfonamides (28, 32) and succinimides (30, 34). The
β-sulfonamides showed very similar activity to the succinimides
and α-sulfonamides when tested as free carboxylic acids, but
surprisingly the t-butyl esters (37, 39) were also active and
equally (39 vs. 40) or more (37 vs. 38) potent than the
corresponding free acids (38, 40). Esters have been used as
prodrugs to improve bioavailability of αIIbβ3 antagonists (for a
review of examples see ref. 32) and ethyl esters have also been
speculated to act as full β3 antagonists by binding to the
inactive conformation of αIIbβ3 in a binding pocket created by
the absence of a metal ion from the MIDAS.33 Given the steric
bulk of the t-butyl group is significantly greater than the ethyl
group, and that t-butylesterase enzymes have been reported,34 it
is more likely that 37 and 39 are hydrolysed to 38 and 40 when

exposed to SK-Mel-2 cells, and differences in potency are related
to lipophilicity and solubility differences.

Methylaminopyridines 53 and 54 were both highly
effective inhibitors of αvβ3-mediated cell adhesion,
essentially equipotent with the most active THN antagonists
1, 33 and 35. By affording an active phenylsulfonamide (53
RMM 474), the methylaminopyridine Arg mimetic improves
compliance with Lipinski's rules as well as synthetic
tractability.

Selected compounds were further investigated for effects on
αvβ3-mediated cell invasion to model a key step in tumour
progression and metastasis. U87-MG glioblastoma cells; a well-
known αvβ3-expressing cell line model,35,36 were used in a 3-D
spheroid invasion model.37 Overall, inhibition of invasion was
lower than inhibition of adhesion, with most compounds
showing low to moderate inhibition at 10 μM. The most active
anti-invasive compounds were the methylaminopyridines 53
and 54, THNs 1 and 34, and naphthyridine 29 which was
significantly more effective at preventing invasion than
adhesion. The 3-D spheroid invasion assay is superior to
standard monolayer transwell chamber invasion assays as it
more closely represents the cell–cell interactions and
architecture are present in a solid tumour. The observed
reduced activity for invasion compared to adhesion assays may
therefore reflect the extra complexity of the 3D model requiring
more compound to penetrate into the ‘tumour’ mass to have an
effect.

The stability of the most active compounds 1 and 54 was
investigated in mouse liver homogenates to give an initial

Scheme 3 Synthesis of naphthyridine- and tetrahydronapthyridine–
cyclobutane RGD mimetics containing a β-phenylsulfonamide D
mimetic. a. 36, EDCI, HOBt, DIPEA, DCM, RT, 24 h, 50%; b. H2, PtO2,
MeOH, RT, 23 h, 90%; c. TFA, DCM, RT, 24 h, 100%.

Scheme 4 Originally proposed route to the aminopyridine sidechain.
a. nBuLi, iPr2NH, THF, −78 °C; b. allyl bromide, −78 °C to RT, 0–70%; c.
BH3·THF, then NaOH, H2O2; d. PCC.

Scheme 5 Synthesis of aminopyridine–cyclobutane RGD mimetics. a.
Boc2O, DCM, RT, 24 h, 78%; b. NaH, DMF, 0 °C to RT, 1.25 h then MeI,
RT, 18 h, 85%; c Pd(PPh3)2Cl2, CuI, Et2NH, 70 °C, 22 h, 94–97%; d. H2,
PtO2, EtOH, RT, 22.5 h, 100%; e. TEMPO, BAIB, DCM, RT, 24 h, 50–77%;
f. Et2NH, K2CO3, MeCN, RT, 3 h, then methyl acrylate, RT, 69 h; g. MeI,
MeCN, RT, 24 h; h. DBU, CHCl3, reflux, 24 h, 63–75% over 3 steps; i.
H2, Pd/C, EtOAc, RT, 22 h, 90–92%; j. NaOH, MeOH, reflux, 5 h; k. 49
or 50, EDCI, HOBt, DIPEA, DMF, RT, 18 h; l. TFA, DCM, RT, 23 h; m. 6 M
HCl, RT, 20 h, 100%.
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indication whether they were likely to have a long enough
half-life to give meaningful target exposure in vivo. The
methyl esters in 1 and 54 were cleaved to the corresponding
free acids with half-lives of 5.4 minutes and 3.6 minutes
respectively (ESI†). This was expected as small esters are
frequently used to mask carboxylic acids with rapid ester
hydrolysis releasing the active carboxylic acid in biological
systems. These free acids were highly stable (half-life >80
minutes), supporting the conjecture that cyclobutanes can
provide good metabolic stability in drug molecules.20,21

Given compound 54's effectiveness at functional
inhibition of αvβ3, its rapid conversion to a stable carboxylic
acid, and our preference for developing an aminopyridine-
based RGD mimetic over a THN-based one, 54 was therefore
selected for in vivo dose tolerability studies in an
immunocompetent C57BL/6 mouse model (Fig. 2).

Compound 54 was found to be non-toxic at all doses
tested up to the maximum soluble dose of 300 mg kg−1. This
is consistent with observations that other RGD-mimetic
integrin antagonists are well-tolerated in clinical trials.38,39

Integrin ligand binding usually involves a conformational
change in the protein from a low affinity to a high affinity active
conformation. While our work was in progress, the structural
features of small molecule integrin antagonists which stabilise
the low affinity vs. high affinity conformation have recently been
established; a hydrogen-bonding functional group, commonly a
nitrogen atom β to the terminal carboxylic acid, is required to
stabilise key water molecules in the integrin's ligand binding
site.40 The cyclobutane-based antagonists described here
contain a range of aspartate mimetics with different
orientations of functional groups capable of hydrogen bonding.
Importantly, none of the compounds described here showed

any integrin-activating properties in cell-based assays: they did
not promote adhesion or invasion at any concentration tested.
Coupling of different aspartate mimetics with cyclobutylamine
25 could also afford new antagonists which stabilise the
integrin's closed conformation.

Conclusion

This work demonstrates the utility of cyclobutanes as a scaffold
for pharmacologically active and metabolically stable molecules,
using αvβ3 as an example target. The synthetic route used
(Schemes 1, 2 and 5), which forms the central ring using a
regiospecific thermal cyclisation reaction is an important
contribution to the medicinal chemists' toolbox. By improving
synthetic tractability,21 it paves the way for increased use of
cyclobutanes in drug discovery. The vast majority of previously
reported RGD-mimetics use an aryl or heterocyclic core as a Gly-
mimetic spacer. There are very few cycloalkane-based integrin
antagonists: specifically, 2–3 cyclohexane-based αIIbβ3
antagonists have been reported41,42 but there has been no
systematic investigation of cyclohexane-based antagonists of
other integrins or of smaller rings. Although the differences in
assays used between studies prevent direct comparison it is
clear from our results that cyclobutanes are a synthetically
accessible skeleton for active integrin antagonists. Further
studies are required to investigate the effect of ring size and
orientation of sidechains on anti-integrin activity and selectivity
and to determine whether the predicted pharmacokinetic
advantages of small rings are true in practice.

Exploration of various Asp mimetic sidechains has
provided the first demonstration that the β-sulfonamide
sidechain can be used as an Asp mimetic, and the entirely
unexpected discovery that succinimides could be used to
prodrug this group. Novel RGD mimics 34 (succinimide) and
40 (β-sulfonamide) are essentially equipotent with each other
and the traditional α-sulfonamide analogues 32 (this work)
and 56 (ref. 22) (previous work) (Fig. 3). Further work is
ongoing to explore the factors controlling the cyclisation of
32/40 to give 34 and the corresponding ring-opening.

Fig. 2 Compound 54 demonstrates negligible toxicity at its maximum
soluble dose. Compound 54 was administered intraperitoneally three
dose levels, up to its maximum soluble dose of 300 mg kg−1 per day,
for 4 consecutive days to female C57BL/6 immunocompetent mice,
and mice were observed daily, and bodyweight measured frequently.
No deleterious effects were observed, and bodyweight remained
within normal levels (i.e. a bodyweight loss of 15% over 2 days
compared to starting bodyweight is considered toxic). Mo = mouse;
Cont = solvent control.

Fig. 3 Summary of the effect of 5 μM novel Asp mimetic sidechains
on αvβ3-mediated adhesion of Sk-Mel-2 cells.
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Moving beyond THN-based antagonists, we have
developed a robust gram-scale route to the aminopyridine–
cyclobutane antagonist 54 which has good anti-αvβ3 activity
in several melanoma cell line models. The cyclobutane
structure is stable to metabolism in ex vivo liver homogenates
and well-tolerated in vivo. This provides a promising starting
point for the development of cyclobutane-based integrin
antagonists as therapeutic agents for integrin-mediated
diseases with unmet clinical need.

Experimental methods
General

Chemical reagents and anhydrous solvents were obtained
from Sigma-Aldrich, Alfa Aesar or Fluorochem and used
without further purification. All other solvents were supplied
by VWR.

Synthetic methods and characterisation data

For compounds 3–55 are reported in the ESI.†

Biological characterisation

Cancer cell lines were obtained from ATCC (SK-Mel-2) or ECACC
(U87-MG) and cultured in RPMI-1640 culture medium containing
10% foetal bovine serum (FBS), sodium pyruvate (1 mM) and
L-glutamine (2 mM). All are human in origin. The αvβ3 adhesion
assay was performed as previously described.22,43

Invasion assay

Spheroids were formed from U87-MG cells (1000 cells per 30 μl
hanging drop) according to the method of Nowicki and then
embedded in collagen as follows.37 Collagen I (1400 μL of 3 mg
mL−1) was added to a 1 mL Eppendorf tube on ice,
supplemented with 0.2 mL of complete RPMI, and adjusted to
pH 7.4 with 1 N NaOH. The collagen mixture was pipetted into
each chamber of an 8-chamber cover glass and incubated at 37
°C for 45 minutes. Spheroids from hanging drops were
transferred to each chamber of the cover glass, the medium
allowed to evaporate, and then a 200 μL layer of collagen gel
matrix was added to each chamber and incubated at 37 °C for
45 minutes. 200 μL of RPMI containing test compounds was
added to each chamber and incubated at 37 °C, 5% CO2 for 7
days. The spheroids were observed frequently using inverted
light microscopy at 10× objective lens, and images were
captured and analysed using ImageJ.

Metabolic stability

Compound metabolism in liver (ex vivo) was studied using (1 :
3) tissue homogenates of mouse liver. Mouse livers, supplied by
the Institute of Cancer Therapeutics (ICT), under Home Office
license guidelines (see below) were homogenized in phosphate-
buffered saline. Liver homogenates were spiked with compound
of interest (10 μM final concentration) and incubated at 37 °C.
Reaction aliquots were removed over a 120 minute period,
proteins precipitated using acetonitrile (1 : 3), and compound

and metabolites analyzed by liquid chromatography-mass
spectrometry (LC–MS) at the appropriate SIR (single ion
recording) channel.

Detection was performed on a Waters Alliance system
using a photodiode array detector, and a Waters Micromass
ZQ quadrupole electrospray mass spectrometer connected in
series. Compound and metabolites were separated on a RPB
reversed-phase high-performance liquid chromatography
column (HiChrom) using a mobile phase of acetonitrile/
water/0.1% formic acid, with a gradient from 20% to 70%
acetonitrile over 30 minutes at 1.1 mL min−1.

Any metabolic intermediates were detected as singularly
charged ions and identified by mass spectrometry.

In vivo studies

Ethics statement. Animal work was carried out in the UK,
where nationwide licensing for animal work is in place. All
animal procedures were performed in accordance with UK
National Cancer Research Institute Guidelines for the Welfare
of Animals44 under a UK Home Office Project License (40/
3670, protocol 10), granted by the UK Home Office. All work
was approved by the local University of Bradford Animal
Welfare and Ethics Review Board.

Female adult C57BL/6 mice were used (Envigo,
Blackthorn, UK). Mice all came from the same delivery and
were randomly assigned to cages. They were kept in cages
housed in isolation cabinets in an air-conditioned room with
regular alternating cycles of light and darkness. They received
Teklad 2018 diet (Envigo, Blackthorn, UK) and water ad
libitum.

For evaluation of the safety of compound 54 in vivo, the
compound was dissolved in 15% DMSO/arachis oil, and then
administered intraperitoneally as a single dose on four
consecutive days, with the first day designated day 0, with 2
mice being treated at each dose level. The control was solvent
administered intraperitoneally on the same schedule. Extensive
experience45–47 has demonstrated that the safety of a particular
dose can be determined using 2 animals per dose level, with 3
dose levels usually sufficient to determine the optimum dose,
thus keeping the number of animals used to a minimum. Mice
were observed daily for signs of deleterious effects, and
bodyweight measured frequently.

Abbreviations

Ar Aryl
BAIB Bis(acetoxy)iodobenzene
Boc tert-Butyloxycarbonyl
DBU 1,8-Diazabicyclo(5.4.0)undec-7-ene
DCM Dichloromethane
DIPEA Di-isopropylethylamine
DMF Dimethylformamide
Ph Phenyl
EDCI 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
HOBt Hydroxybenzotriazole
Mes Mesityl(2,4,6-trimethylphenyl)
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RT Room temperature
tBu tert-Butyl
TEMPO 2,2,6,6-Tetramethylpiperidine 1-oxyl
TFA Trifluoroacetic acid
THN Tetrahydronaphthyridine
TLC Thin layer chromatography

Data availability

The data supporting this article have been included as part
of the ESI.†

Author contributions

Conceptualization: HMS, LHP. Methodology: HMS, MS, SDS,
PML. Investigation: AT, KDH, MSZ, AG, SJS, PAC, KH, MS,
HMS. Writing – original draft: AT, HMS. Writing – review &
editing: HMS, SDS, PML, MS, AG, KDH. Supervision: HMS,
PML, MS, SDS. Funding acquisition: HMS, SDS, MS, LHP.

Conflicts of interest

AT, MS, LHP, SDS and HMS are inventors on UK patent
application No. 2301024.2 related to this work.

Acknowledgements

This work was funded by Yorkshire Cancer Research (Award
reference number B002-PhD) and Prostate Cancer UK (Pilot
Grant PA10-01). We thank the Analytical Centre, University of
Bradford for LRMS, the EPSRC UK National Mass
Spectrometry Facility at Swansea University for measurement
of HRMS data and Ms Pauline Anselin for assistance with the
synthesis of 17 and 18. For the purposes of open access, the
author has applied a Creative Commons Attribution (CC BY)
license to any Author Accepted Manuscript version arising
from this submission.

References

1 P. S. Steeg, Nat. Rev. Cancer, 2016, 16, 201–218.
2 P. C. Brooks, Science, 1994, 264, 569–571.
3 H. Liu, D. C. Radisky, D. Yang, R. Xu, E. S. Radisky, M. J.

Bissell and J. M. Bishop, Nat. Cell Biol., 2012, 14, 567–574.
4 B. Felding-Habermann, T. E. O'Toole, J. W. Smith, E.

Franseva, Z. M. Ruggeri, M. H. Ginsberg, P. E. Hughes, N.
Pampori, S. J. Shattil, A. Saven and B. M. Mueller, Proc. Natl.
Acad. Sci. U. S. A., 2001, 98, 1853–1858.

5 A. Vogetseder, S. Thies, B. Ingold, P. Roth, M. Weller, P.
Schraml, S. L. Goodman and H. H. Moch, Int. J. Cancer,
2013, 133, 2362–2371.

6 M. Mittelbronn, A. Warth, R. Meyermann, S. Goodman and
M. Weller, Histol. Histopathol., 2013, 28, 749–758.

7 P. G. Natali, C. V. Hamby, B. Felding-Habermann, B. Liang,
M. R. Nicotra, F. Di Filippo, D. Giannarelli, M. Temponi and
S. Ferrone, Cancer Res., 1997, 57, 1554–1560.

8 M. R. Weber, M. Zuka, M. Lorger, M. Tschan, B. E. Torbett,
A. Zijlstra, J. P. Quigley, K. Staflin, B. P. Eliceiri, J. S. Krueger,
P. Marchese, Z. M. Ruggeri and B. H. Felding, Thromb. Res.,
2016, 140S1, S27–S36.

9 E. K. Sloan, N. Pouliot, K. L. Stanley, J. Chia, J. M. Moseley,
D. K. Hards and R. L. Anderson, Breast Cancer Res., 2006, 8,
R20.

10 L. M. Knowles, L. A. Gurski, C. Engel, J. R. Gnarra, J. K.
Maranchie and J. Pilch, Cancer Res., 2013, 73, 6175–6184.

11 J. G. Parvani, M. D. Gujrati, M. A. Mack, W. P. Schiemann
and Z.-R. Lu, Cancer Res., 2015, 75, 2316–2325.

12 M. Pickarski, A. Gleason, B. Bednar and L. T. Duong, Oncol.
Rep., 2015, 33, 2737–2745.

13 P. Clément-Lacroix, E. Berrocal, B. Heckmann, P. Wigerinck,
G. Lorenzon and P. Pujuguet, Bone, 2011, 48, S45.

14 N. Reinmuth, W. Liu, S. A. Ahmad, F. Fan, O. Stoeltzing,
A. A. Parikh, C. D. Bucana, G. E. Gallick, M. A. Mickols, W. F.
Westlin and L. M. Ellis, Cancer Res., 2003, 63, 2079–2087.

15 A. Gvozdenovic, A. Boro, D. Meier, B. Bode-Lesniewska, W.
Born, R. Muff and B. Fuchs, Onco Targets Ther, 2016, 7,
55141–55154.

16 G. van der Horst, C. van den Hoogen, J. T. Buijs, H. Cheung,
H. Bloys, R. C. M. Pelger, G. Lorenzon, B. Heckmann, J.
Feyen, P. Pujuguet, R. Blanque, P. Clément-Lacroix and G.
van der Pluijm, Neoplasia, 2011, 13, 516–525.

17 T. Nakagawa, K. Ohta, T. Naruse, M. Sakuma, S. Fukada, N.
Yamakado, M. Akagi, K. Sasaki, C. Niwata, S. Ono and T.
Aikawa, J. Cancer Res. Clin. Oncol., 2022, 148, 3281–3292.

18 R. Stupp, M. E. Hegi, T. Gorlia, S. C. Erridge, J. Perry, Y.-K.
Hong, K. D. Aldape, B. Lhermitte, T. Pietsch, D. Grujicic,
J. P. Steinbach, W. Wick, R. Tarnawski, D.-H. Nam, P. Hau,
A. Weyerbrock, M. J. B. Taphoorn, C.-C. Shen, N. Rao, L.
Thurzo, U. Herrlinger, T. Gupta, R.-D. Kortmann, K.
Adamska, C. McBain, A. A. Brandes, J. C. Tonn, O. Schnell,
T. Wiegel, C.-Y. Kim, L. B. Nabors, D. A. Reardon, M. J. van
den Bent, C. Hicking, A. Markivskyy, M. Picard and M.
Weller, Lancet Oncol., 2014, 15, 1100–1108.

19 J.-R. Chen, J.-T. Zhao and Z.-Z. Xie, Biomed. Pharmacother.,
2022, 155, 113745.

20 M. R. van der Kolk, M. A. C. H. Janssen, F. P. J. T. Rutjes and
D. Blanco-Ania, ChemMedChem, 2022, 17, e202200020.

21 M. R. Bauer, P. Di Fruscia, S. C. C. Lucas, I. N. Michaelides,
J. E. Nelson, R. I. Storer and B. C. Whitehurst, RSC Med.
Chem., 2021, 12, 448–471.

22 M. Sutherland, A. Gordon, F. O. Al-Shammari, A. Throup, A.
Cilia La Corte, H. Philippou, S. D. Shnyder, L. H. Patterson
and H. M. Sheldrake, Cancers, 2023, 15, 4023.

23 AstraZeneca, US Pat., US2008318943A1, 2008.
24 J. Basta, L. Robbins, L. Stout, M. J. Prinsen, D. W. Griggs

and M. Rauchman, Physiol. Rep., 2020, 8, e14329.
25 R. Hatley, S. Macdonald, R. Slack, J. Le, S. Ludbrook and P.

Lukey, Angew. Chem., Int. Ed., 2017, 57, 3298–3321.
26 Bristol-Myers Squibb, WO Pat., WO2018/089355A1, 2018.
27 AstraZeneca, WO Pat., WO2007141473A1, 2007.
28 T. G. Kapp, F. Rechenmacher, S. Neubauer, O. V. Maltsev,

E. A. Cavalcanti-Adam, R. Zarka, U. Reuning, J. Notni, H.-J.

RSC Medicinal Chemistry Research Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 1
1:

20
:0

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md00306c


3624 | RSC Med. Chem., 2024, 15, 3616–3624 This journal is © The Royal Society of Chemistry 2024

Wester, C. Mas-Moruno, J. Spatz, B. Geiger and H. Kessler,
Sci. Rep., 2017, 7, 39805.

29 M. S. Egbertson, C. T.-C. Chang, M. E. Duggan, R. J. Gould,
W. Halczenko, G. D. Hartman, W. L. Laswell, J. J. Lynch Jr,
R. J. Lynch, P. D. Manno, A. M. Naylor, J. D. Prugh, D. R.
Ramjit, G. R. Sitko, R. S. Smith, L. M. Turchi and G. Zhang,
J. Med. Chem., 1994, 37, 2537–2551.

30 B. Cacciari and G. Spalluto, Curr. Med. Chem., 2005, 12,
51–70.

31 M. Stasiak, C. Mehlin, E. Boni, T. Vaisar, T. Little, H.-O. Kim
and M. Qabar, Bioorg. Med. Chem. Lett., 2003, 13, 3875–3878.

32 R. M. Scarborough and D. D. Gretler, J. Med. Chem.,
2000, 43, 3453–3473.

33 M. Anderluh, J. Cesar, P. Štefani, D. Kikelj, D. Janeš, J. Murn,
K. Nadrah, M. Tominc, E. Addicks, A. Giannis, M. Stegnar
and M. S. Dolenc, Eur. J. Med. Chem., 2005, 40, 25–49.

34 S. H. Yeo, T. Nihira and Y. Yamada, Biosci., Biotechnol.,
Biochem., 1998, 62, 2312–2317.

35 M. R. Battle, J. L. Goggi, L. Allen, J. Barnett and M. S.
Morrison, J. Nucl. Med., 2011, 52, 424–430.

36 J. L. J. Dearling, J. W. Barnes, D. Panigrahy, R. E. Zimmerman,
F. Fahey, S. T. Treves, M. S. Morrison, M. W. Kieran and A. B.
Packard, Nucl. Med. Biol., 2013, 40, 788–794.

37 M. O. Nowicki, N. Dmitrieva, A. M. Stein, J. L. Cutter, J.
Godlewski, Y. Saeki, M. Nita, M. E. Berens, L. M. Sander,
H. B. Newton, E. A. Chiocca and S. Lawler, Neuro. Oncol.,
2008, 10, 690–699.

38 C. Mas-Moruno, F. Rechenmacher and H. Kessler, Anti-
Cancer Agents Med. Chem., 2010, 10, 753–768.

39 G. A. Cirkel, B. M. Kerklaan, F. Vanhoutte, A. Van der Aa, G.
Lorenzon, F. Namour, P. Pujuguet, S. Darquenne, F. Y. F. de
Vos, T. J. Snijders, E. E. Voest, J. H. M. Schellens and M. P.
Lolkema, Invest. New Drugs, 2016, 34, 184–192.

40 F.-Y. Lin, J. Li, Y. Xie, J. Zhu, T. T. H. Nguyen, Y. Zhang, J.
Zhu and T. A. Springer, Cell, 2022, 185, 3533–3550.e3527.

41 A. Pandey, J. Seroogy, D. Volkots, M. S. Smyth, J. Rose, M. M.
Mehrotra, J. Heath, G. Ruhter, T. Schotten and R. M.
Scarborough, Bioorg. Med. Chem. Lett., 2001, 11, 1293–1296.

42 Cor Therapeutics Inc and Eli Lilly Co, US Pat., US6245809,
1998.

43 R. Stragies, F. Osterkamp, G. Zischinsky, D. Vossmeyer, H.
Kalkhof, U. Reimer and G. Zahn, J. Med. Chem., 2007, 50,
3786–3794.

44 P. Workman, E. O. Aboagye, F. Balkwill, A. Balmain, G.
Bruder, D. J. Chaplin, J. A. Double, J. Everitt, D. A. H.
Farningham, M. J. Glennie, L. R. Kelland, V. Robinson, I. J.
Stratford, G. M. Tozer, S. Watson, S. R. Wedge, S. A. Eccles,
V. Navaratnam and S. Ryder, Br. J. Cancer, 2010, 102,
1555–1577.

45 M. Azmanova, L. Rafols, P. A. Cooper, C. C. Seaton, S. D.
Shnyder and A. Pitto-Barry, ChemBioChem, 2022, 23,
e202200259.

46 S. E. Holwell, P. A. Cooper, K. Grosios, J. W. R. Lippert, G. R.
Pettit, S. D. Shnyder and M. C. Bibby, Anticancer Res.,
2002, 22, 707–711.

47 Y. Fu, A. Habtemariam, A. M. Pizarro, S. H. van Rijt, D. J.
Healey, P. A. Cooper, S. D. Shnyder, G. J. Clarkson and P. J.
Sadler, J. Med. Chem., 2010, 53, 8192–8196.

RSC Medicinal ChemistryResearch Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 1
1:

20
:0

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md00306c

	crossmark: 


