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IRIDIUM(II)-BASED IRREVERSIBLE
PROTEIN-PROTEIN INTERACTION
INHIBITOR OF BRD4 AS A POTENT

ANTICANCER AGENT

CROSS REFERENCE APPLICATION

The present application claims priority from provisional
application 62/368,194 filed on Jul. 29, 2016, the entire
contents of which are incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates to iridium (III) complexes
having protein-protein interaction inhibition properties use-
ful in treating cancer.

BACKGROUND

Gene transcription is a dynamic process tightly regulated
by chromatin, which is a complex structure comprised of
DNA and histone proteins.' The function of gene regulation
is controlled by post-translational modification states of
DNA-packing histones in the chromatin complex.? For
example, the N-terminal lysine residues of histone proteins
can be acetylated and deacetylated to control gene expres-
sion via the interplay of a range of enzymes such as histone
acetyltransferase (HAT), histone deacetylase (HDAC) and
methyltransferase (MT).! Hence, these enzymes have
become the targets of drug discovery efforts.>** However, the
reader domains that interrogate post-translational modifica-
tion states have been less intensively pursued as epigenetic
targets.>¢

Acetylated histones are recognized by small protein pock-
ets called bromodomains.” The bromodomain and extraten-
ninal domain (BET) family of bromodomain-containing
proteins (BRD2, BRD3, BRD4 and BRDT) are a class of
transcriptional regulators containing tandem bromodomains
and a carboxyl-terminal recruitment domain.® In particular,
BRDA4 plays a significant role in cell cycle progression and
viability via its effects on growth-related genes at the M/G1
boundary.*®!* Recently, BRD4 has been shown to play an
important role in sustaining the proliferation of metastatic
melanoma, a mostly incurable disease, thus rendering it as a
possible target for epigenetic therapy.'?

The selective inhibition of the bromodomain 4 (BRD4)/
histone interaction has been demonstrated by several small
molecule inhibitors such as (+)-JQ1, which is capable of
occupying the e-N-acetylated lysine residue (Kac) binding
site of BRD4 and act as a Kac-competitive inhibitor.?
Subsequent reports have shown that (+)-JQ1 can directly
regulate transcription mediated by the c-myc gene and
reduce the expression of oncogenic c-myc protein.'**?

The success of the anti-cancer compound cisplatin and its
analogues has inspired the investigation of metal-based
compounds as therapeutic agents over the past few
decades.'®* While classical metal-based chemotherapeutic
agents typically target double-helical DNA, increasing
knowledge in molecular biology has uncovered the possi-
bility of specifically targeting therapeutically relevant pro-
teins or enzymes using transition metal complexes.>>*°
Metal-based compounds can offer distinct opportunities in
targeting proteins or enzymes compared to organic small
molecules due to their interesting structural diversity and
electronic properties. Moreover, metal complexes can
undergo ligand exchange reactions with biomolecules, and
such irreversible inhibitors may show enhanced potency and
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potentially allow for less frequent and lower dosages in
vivo.*® Examples of approved drugs that act via a covalent
mechanism include EGFR inhibitors neratinib (Pfizer), afa-
tinib/BIBW-2992 (Boehringer Ingelheim) and PF-00299804
(Pfizer), and anti-HCV agents telaprevir (Vertex Pharma-
ceuticals and Johnson & Johnson) and boceprevir/Victrelis
(Merck) (FIG. S1).*° Neratinib, Afatinib/BIBW-2992 and
PF-00299804 target cysteine in EGFR and carfilzomib/
Kyprolis, a selective proteasome inhibitor, targets threonine,
while Telaprevir, used for the treatment of HCV, targets
serine. Boceprevir/Victrelis also targets serine of HCV pro-
tease, and is used for the treatment of hepatitis caused by
HCV,

Metal complexes can adopt a wide range of geometrical
shapes defined by the oxidation state of the metal center and
the nature of the co-ligands, while organic compounds are
mainly restricted to linear, trigonal planar and tetrahedral
geometries, Therefore, metal complexes may be able to
sample additional chemical space within the active site of
enzymes or proteins, In addition, the steric and electronic
properties of metal complexes can be easily tuned without
lengthy synthetic protocols due to the modular nature of
inorganic synthesis, We and others have previously demon-
strated that certain Ir(II),>'>* Rh(III)***® and Ru(I)*%>°
complexes can be developed as inhibitors of enzymes or
protein-protein interactions (PPI). In particular, Ma et al
Angew. Chem. Int. Ed. Engl, 47, pages 3735-3739 (2008)
reported that binds covalently to histidine and generates a
luminescence signal.

SUMMARY OF THE INVENTION

Form a first aspect, the present invention provides com-
pounds of the formula:

wherein X~ is an anion selected from trifluoromethane-
sulfonate, hexafluorophosphate, chloride, perchlorate, tetra-
fluoroborate tetraphenyl borate, or substituted tetraphenyl
borate such as tetra[3,5-bis(trifluoromethyl)phenyl| borate

M is iridium;

R, and R ,, are each individually selected from the group
consisting of methyl and ethyl;

R,,R; R, R, and R, ; are each individually selected from
the group consisting of hydrogen, alkyl and alkoxy groups
containing from 1-6 carbon atoms wherein the alkyl group
is linear or branched;

R, and Ry are each individually selected from the group
consisting of hydrogen, CHO, alkyl of from 2-6 carbon
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atoms and alkoxy groups containing from 1-6 carbon atoms
wherein the alkyl group is linear or branched

R, and R are each individually selected from the group
consisting of hydrogen, alkyl and alkoxy groups containing
from 1-6 carbon atoms wherein the alkyl group is linear or
branched or R4 and RS can jointly form a CH—CH or
CH,—CH, group; and

R, and R,, are each individually selected from the group
consisting of hydrogen, alkyl and alkoxy groups containing
from 1-6 carbon atoms wherein the alkyl group is linear or
branched or R,, and R,; can jointly form a CH—CH or
CH,—CH, group;

R,s and R 4 are each individually selected from alkyl
groups of from 1-4 carbon atome or aryl groups of 6-10
carbon atoms,

provided that at least one of R,-R,, is not hydrogen.

From a second aspect, the invention provides a method for
inhibiting protein-protein interaction in a patient in need
thereof which comprises administering to a patient in need
thereof a therapeutic dose of such a compound of the
formula:

wherein X~ is an anion selected from trifluoromethane-
sulfonate, hexafluorophosphate, chloride, perchlorate, tetra-
fluorohorate tetraphenyl borate, or substituted tetraphenyl
borate such as tetra[3,5-bigtrifluoromethyl)phenyl] borate

M is iridium or rhodium;

R, and R ,, are each individually selected from the group
consisting of methyl and ethyl;

R,, R; Rg, Rg, R, and R, 5 are each individually selected
from the group consisting of hydrogen, alkyl and alkoxy
groups containing from 1-6 carbon atoms wherein the alkyl
group is linear or branched;

R, and Ry are each individually selected from the group
consisting of hydrogen, CHO, alkyl of from 1-6 carbon
atoms and alkoxy groups containing from 1-6 carbon atoms
wherein the alkyl group is linear or branched

R, and R are each individually selected from the group
consisting of hydrogen, alkyl and alkoxy groups containing
from 1-6 carbon atoms wherein the alkyl group is linear or
branched or R4 and RS can jointly form a CH—CH or
CH,—CH, group; and

R, and R,, are each individually selected from the group
consisting of hydrogen, alkyl and alkoxy groups containing
from 1-6 carbon atoms wherein the alkyl group is linear or
branched or R, and R,, can jointly form a CH—CH or
CH,—CH, group; and
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R,s and R,¢ are each individually selected from alkyl
groups of from 1-4 carbon atoms or aryl groups of 6-10
carbon atoms

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows displacement of a tetra-acetylated H4 pep-
tide from BRD4 by a selection of Ir(III)/Rh(IIT) complexes
at 100 uM in a TR-FRET assay. Error bars represent the
standard deviations of the results from three independent
experiments.

FIG. 2 shows (a) Chemical structures of the cyclometal-
lated Ir(1IT) and Rh(III) complexes (racemates) used for
structure-activity analysis (SAR). (b) Displacement of a
tetra-acetylated H4 peptide from BRD4 by complex 1 and
analogues la-1j at 10 uM in a TR-FRET assay. Error bars
represent the standard deviations of the results from three
independent experiments.

FIG. 3 shows the ability of Compound la to displace
H4AcK4 peptide from (a) BRD4(1) and (b) BRD4(2) in a
time-resolved-fluorescent resonance electron transfer (TR-
FRET) assay. Binding of H4AcK4 to BRD4(1) was strongly
inhibited by la, with half-maximum inhibitory concentra-
tion (ICs,) value of 0.07 puM. Error bars represent the
standard deviations of the results from three independent
experiments. LC-MS/MS analysis of (c) BRD4(1), (d)
BRD4(1) with 1a and (e) 1a only. BRD4(1) and 1a complex
were buffered in 10 mM Tris-HCI, pH=7.5, 500 mM NaCl
and incubated at 25° C. for 2 h. The sample was analyzed by
positive ion mass spectra.

FIG. 4 Chromatin immunoprecipitation (ChIP) analysis
showed that 1a selectively decreased the binding of BRD4
to MYC, Bcl-2 and CDK6, but not housekeeping genes
(B2M) in (a) A375 and (b) A2058cells. Bar graphs repre-
sented the mean enrichment relative to input and error bars
reflect standard deviation of results derived from biological
triplicate experiments. Significantly different at ***p<0.01.
Error bars represent the standard deviations of the results
from three independent experiments.

FIG. 5. shows an immunoblotting analysis of the effect of
la and (+)-JQ1 treatment in (a) A375 and (b) A2058 cells,
Densitometry analysis revealed that la inhibited c-myec,
Bel-2, ERK %5, p-ERK Y2and PARD expression. Dose
response analysis of cell viability of complex la against (c)
A375 cells and (d) A2058 cells. Error bars represent the
standard deviations of the results from three independent
experiments. Normalized proliferation curves in the colony
formation assay for (e) A375 and (f) A2058 cells treated with
vehicle or la (0.001-10 uM) measured by crystal violet
staining. Error bars represent the standard deviations of the
results from three independent experiments. (g) The rela-
tionship between the IC,, of the binding ability of BRD4
(1)/peptide and the log of ICs, of A375 cell viability, and a
trend of positive correlation was observed (r=0.8207, n=14).

FIG. 6 shows the anti-proliferative activity of la in an in
vivo xenograft model of melanoma. (a) Photographs of
dissected tumors from the control (vehicle) and treatment
(1a, 100 mg/kg). (b) Average A375 tumour volume in the
control group and treatment group (la, 100 mg/kg). Each
group contained six mice and results are reported as the
values of the mean+SEM. (¢) Tumour inhibition of A375
xenografts in the treatment group (1a, 100 mg/kg) expressed
as percentage reduction in tumor volume compared to the
control group. The results were analyzed using the Student’s
t-test. Significantly different at 0.01<**p<0.05. d) Average
tumor weight of the vehicle control group versus the treat-
ment group (la, 100 mg/kg). e) Average body weight of the
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two groups. Each group contained six mice, and results were
reported as the values of the meantSEM. The results were
analyzed using the Student’s t-test. Significantly different at
0.01<*#p<0.05. f) Heat map of regulated genes of the ECM
pathway and VEGF signaling pathway following treatment
with la. The color scale in the inset represents the log-fold
change of expression compared with untreated control.

DETAILED DESCRIPTION OF THE
INVENTION

Preferably for both aspects of the invention, the com-
pound has the following stereochemistry:

In both aspects of the invention, it is preferred that M is
iridium.

Preferred compounds include those wherein:

R,5 and R, are both lower alkyl, of 1-3 carbon atoms,
such as methyl;

R, and R, , are both lower alkyl of 1-3 carbon atoms such
as methyl and R,-R ; are all hydrogen;

R, and Ry are both lower alkyl of 1-3 carbon atoms such
as methyl or are CHO and R,-R; and Rg-R, 5 are all hydro-
gen.

A particularly preferred compound for both aspects of the
invention is of the formula:

OTF~

wherein OTF indicates that the compound is a trifluo-
romethanesulfonate salt.

This compound is hereinafter referred to as Compound
1(a).

Notably, complex 1a, as noted above and shown in FIG.
2, which contains two 2-phenyl-6-methylpyridine C'N
ligands and two acetonitrile ligands, was more potent than
the parent complex (Compound 1) wherein the C"N ligand
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was 2-phenyl-pyridine. Based on these results, preliminary
structure-activity relationships (SAR) could be deduced.
Varying the N-donor ligands from acetonitrile to other
nitrile-based ligands (such as in 1i) did not result in
improved activity against BRD4, as complex 1i was one of
the least active compounds in the TR-FRET assay. Addi-
tionally, substituting the 2-phenyl-6-methylpyridine (as in
1a) or 2-phenylpyridine (as in 1) C"N co-ligands with more
extended aromatic systems such as 2-phenylquinoline (as in
1d) or 1-phenylisoquinoline (as in 1f) also decreased the
potency of the complex. Moreover, the presence of fluorine
substituents on the C'N ligands appeared to be highly
detrimental for activity, as complex 1b showed the weakest
activity out of this series. Finally, replacing the iridium(I1I)
center of complex 1 with rhodium(IIl) (as in congener 1h)
resulted in greatly decreased activity against BRD4. Taken
together, these results suggest that the binding between la
and BRD4is highly sensitive to the steric and/or electronic
properties of the metal complexes.

Methods of the present invention provide BRD4 inhibi-
tion which we hypothesize derives from cleavage of the
NCR, ;5 and NCR | ; groups from the active compounds lead-
ing to covalent bonding with the protein target. In this way,
the compounds inhibit protein-proteininteraction between
BRD4 and acetylated histone peptides, Which is of particu-
lar importance in combatting cancers such as melanoma.

The iridium(IIT) complex 1a was found to be a potential
modulator of the epigenetic reader protein BRD4. Complex
la inhibited the PPI between BRD4 and an acetylated
histone peptide as revealed by multiple biochemical assays,
including FRET, AlphaScreen and FP assays. Although mass
spectrometry data suggested that 1a binds to histidine resi-
dues with the loss of ACN ligands, la was found not to
significantly interact with other histidine-containing proteins
such as caspase-6 and STAT3. Additionally, complex la
displaced BRD4 from chromatin and hence inhibited c-myc
expression in melanoma cells through blocking the binding
of BRD4 to the c-myc promoter. Cytotoxicity and colony
formation experiments suggested la is capable of anti-
proliferative activity in melanoma cells, possibly through
down-regulation of c-myc protein expression. Finally, com-
plex la significantly repressed A375 melanoma xenograft
growth in an in vivo mouse model without causing visible
toxicity to the mice. Preliminary structure-activity analysis
indicated that the nature of the metal ion and the C'N and
NN T co-ligands were important for the biological activity
of la. To our knowledge, complex la represents the first
metal-based inhibitor of BRD4 and of any BET bromodo-
main-containing protein in general.

In the methods of the present invention, the active com-
pounds are administered by intraperitoneal, intravenous
injection or by oral means.

Suitable dosage rates will depend on the individual being
treated but are typically in the range 25-200 mg/kg of body
weight of the patient, for example 120-189 mg/kg, such as
150 mg/kg. If necessary, a treatment may be repeated.

Suitable compositions for intravenous administration
include solutions in aqueous alcohol or dimethyl sulfoxide,
one or more additional components such as pharmaceuti-
cally acceptable diluents, adjuvants, carriers, preservatives,
favouring’s, or other convention additives described herein
and/or known in the field.

Compounds of the present invention or of use therein may
be prepared by a two-step procedure in which the trichloride
of the metal is heated. For example to a temperature of at
least 100° C., for example 150° C. in an aqueous water
miscible organic solvent such as a glycol ether, for example



US 9,840,526 B1

7

methoxymethanol under an inert atmosphere with at least a
two molar excess of a cyclometallated ligand-fanning com-
pound containing the

R;
Rs Ry N Ry
Re
= 10
N R,
R;

ligand (hereinafter referred to as a C'N ligand) and the
product thereof is reacted under an inert atmosphere with a
salt (such as a silver salt) of the desired anion and a nitrile
of the formula R,;CN. This reaction may be effected at
ambient temperature.

The Invention is Illustrated by the Following Examples

General Synthesis of [M,(C"N),Cl,] Complexes where M
is Ir(IIT) or Rh(III)

Cyclometalated dichloro-bridged dimers of the general
formula [M,(C"N),Cl,] ,where M=Ir(IIT)/Rh(II), were syn-
thesized according to a method described by Lowry et al J.
Am. Chem. Soc., 2004, 126, 14129-14135. In brief,
MCIl,*H,O was heated to 150° C. with 2.2 equivalents of
cyclometallated C'N ligands in 3:1 methoxymethanol and
deionized water under a nitrogen atmosphere for 12 h. The
reaction was cooled to room temperature, and the product
was filtered and washed with three portions of &ionized
water and then three portions of ether (3x50 mL) to yield the
corresponding dimer,

General synthesis of [M(C"N),(ACN),]OTf complexes.
These complexes were synthesized according to a method
described by Schmid et al, Irorg. Chem., 1994, 33, 9-14 and
King et al, J. Am. Chem. Soc., 1985, 107, 1431-1432.2, In
brief, [M,(C'N),Cl,] was mixed with 2.0 equivalents of
silver triflate in 25 ml acetonitrile and stirred at room
temperature under a nitrogen atmosphere for 15 h. The
mixture was filtered and washed with two portions of ether
(2x30 mL) to yield titled product.

The synthesis of [Rh(ppy),(N=C—R),]OTf complex.
The complex was synthesized according to a literature
method.13 In brief, the solution of [Rh(ppy),(ACN),|OTf
(0.08 mmol) and naphthylisocyanide (0.18 mmol) was
stirred in acetonitrile (6 mL) overnight under a nitrogen
atmosphere. The solvent was removed in vacuo and the
residues were washed with diethyl ether (2x50 mL) to yield
the titled compound.

General synthesis of [M(C'N),(N'N)]PF; complexes.
These complexes were synthesized using a modified litera-
ture method.1 Briefly, a suspension of [M, C'N),Cl,] (0.2
mmol) and corresponding N'N (0.44 mmol) ligands in a
mixture of dichloromethane:methanol (1:1, 20 ml) was
refluxed overnight under a nitrogen atmosphere. The result-
ing solution was allowed to cool to room temperature, and
was filtered to remove unreacted cyclometallated dimer. To
the filtrate, an aqueous solution of ammonium hexatluoro-
phosph.ate (excess) was added and the filtrate was reduced
in volume by rotary evaporation until precipitation of the
crude product occurred. The precipitate was then filtered and
washed with several portions of water (2x50 mL) followed
by diethyl ether (2x50 mL). The product was recrystallized
by acetonitrile:diethyl ether vapor diffusion to yield the
titled compound.
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Complex 1a, Yield: 57%, 'H NMR (400 MHz, Acetoni-
trile-d,) 8 7.94-7.92 (m, 4H), 7.62 (d, J=8.0 Hz, 2H), 7.47 (1,
J=4.0Hz, 2H), 6.92 (t, I=4.0 Hz, 2H), 6.76 (t, J=4.0 Hz, 2H),
6.12 (d, J=4.0 Hz, 2H), 2.96 (s, 6H), 2.00 (s, 6H); >C NMR
(100 MHz, Acetonitrile) § 167.7,162.0,152.4, 145.6, 141.1,
139.0, 131.2, 129,0, 124.0, 123.8, 122.4, 116.6, 27.6;
MALDI-TOF-HRMS: Calcd. for C28H26IrN4[M-2ACN-
CF3 SO3]+: 529.1256 Found: 529.0762.

Complex 1b. Yield: 59%. "H NMR (400 MHz, Acetoni-
trile-d;) 8 9.12 (d, J=8.0 Hz, 2H), 8.38 (d, J=8.0 Hz, 2H),
8.16 (t, J=8.0 Hz, 2H), 7.54 (t, ]=8.0 Hz, 2H), 6.62 (t, J=8.0
Hz, 2H), 5.56 (t, J=8.0 Hz, 2H), 2.00 (s, 6H); >*C NMR (100
MHz, Acetonitrile) & 151.3, 147.5, 139.9, 128.5, 123.9,
123.6,122.7,120.2, 119.6, 113.6, 99.1, 98.8, 98.6. MALDI-
TOF-HRMS: Calcd. for C,¢H,IrN,[M-2ACN-CF,SO,]™:
573.0566 Found: 573.0403.

Complex lc. Yield: 67%. 'H NMR (400 MHz, Acetoni-
trile-d;) 8 9.63 (s, 2H), 9.18 (d, J=8.0 Hz, 2H), 8.25 (d, I=8.0
Hz, 2H), 8.19 (t, J=8.0 Hz, 2H), 7.88 (d, ]=8.0 Hz, 2H), 7.62
(t, J=8.0 Hz, 2H), 7.42 (d, J=8.0 Hz, 2H), 6.43 (s, 2H), 2.07
(s, 6H); 1*C NMR (100 MHz, Acetonitrile) 8 164.9, 151.2,
1503, 142.9, 139.2, 135.9, 130.5, 124.9, 124.8, 124.3,
121.0;, MALDI-TOF-HRMS: Caled. for C, H,,IrN,
[M-2ACN-CF;80;]*: 557.0841 Found: 557.0948.

Complex 1d. Yield: 61%. 'H NMR (400 MHz, Acetoni-
trile-d;) 6 8.81 (d, J=8.0 Hz, 2H), 8.57 (d, J=8.0 Hz, 2H),
8.25 (d, J=8.0 Hz, 2H), 8.10 (d, J=8.0 Hz, 2H), 7.91-7.83 (m,
4H), 7.75 (t, J=8.0 Hz, 2H), 6.97 (1, J=4.0 Hz, 2H), 6.75 (1,
J=4.0 Hz, 2H), 6.11 (d, J=4.0 Hz, 2H), 1,97 (s, 6H); °C
NMR (100 MHz, Acetonitrile) & 169.9, 147.5, 146.3, 144.0,
140.2, 132.3, 131.4, 129.7, 128.8, 128.0, 126.8, 126.7,

1260, 122.6, 117.3. MALDI-TOF-HRMS: Calcd. for
C5H,IfN,[M-2ACN-CF,SO,]*:  601.1256  Found:
601.4527.

Complex 1f. Yield: 58%. 'H NMR (400 MHz, Acetoni-
trile-d;) 8 9.06-9.03 (m, 4H), 8.29 (d, J=7.6 Hz, 2H), 8.23 (d,
J=7.6 Hz, 2H), 7.98-7.88 (m, 6H), 7.02 (t, J=7.6 Hz, 2H),
6,74 (t,J=7.2 Hz, 2H), 6.14 (d, J=8.0 Hz, 2H), 2.07 (s, 6H);
13C NMR (100 MHz, Acetonitrile) § 167.5, 146.7, 145.6,
1424, 137.1, 131.6, 131.2, 129.7, 129.2, 128.5. 127.3,
126,3, 125.8, 121.9, 121.4, 119.2.MALDI-TOF-HRMS:
Caled. for C,,H,JIrN,[M-2ACN-CF,SO,]*: 601.1256
Found: 601.2065.

Complex 1g. Yield: 67%. 'H NMR (400 MHz, Acetoni-
trile-d,) 8 8.45 (s, 2H), 8.17 (s, 2H), 7.39 (d, J=8.0 Hz, 2H),
6.97 (1, J=8.0 Hz, 2H), 6.90 (d, J=8.0 Hz, 2H), 6.73 (t, J=8.0
Hz, 2H), 6.05 (d, J=8.0 Hz, 2H), 2.00 (s, 6H); 1*C NMR (100
MHz, Acetonittile) & 142.9, 139.5, 132.5, 127.6, 125.3,

123.0, 1112, 108.0; MALDI-TOF-HRMS: Calcd. for
CooHL IIN*[M-2ACN-CF,SO,]:  479.0848  Found:
479.0417.

Stability analysis of complexes. Complex la was dis-
solved in DMSO(10 uM) at 298K for 24 h, and was
monitored by UV/vis absorbance at 298K for 24 h. Absorp-
tion spectra were recorded on a UV-Visible Spectrophotom-
eter (Cary UV-100). For the stability of complex la in
plasma 20 uM of complex la was incubated in 2% (v/v)
plasma aqueous solution then monitored by UV-Visible
Spectrophotometer.

Competition experiments were carried out by incubating
la with histidine and 10 equivalents of another natural
amino acid. No significant difference was observed between
the luminescence intensity detected in the competition
experiments compared to that in the presence of histidine
alone (data not shown). We further analyzed the binding of
lato histidine by electrospray ionization mass spectrometry.
After incubation of 1a (m/z 529.1) with histidine for 30 min
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at 20° C., a new peak at m/z 684.2 was observed (FIG. S35).
This peak corresponds to the covalent attachment of one
histidine molecule (m/z 155) to 1a. No mass change was
recorded for la upon incubation with other natural amino
acids under same reaction conditions. This data demon-
strates that 1a selectively and covalently binds to histidine,
leading to a luminescence response.

To assess the selectivity of complex la , we tested its
activity against two unrelated proteins, caspase-6 and
STAT3, which contain 12 and 13 histidine residues, respec-
tively. The results showed that 1a exhibited no significant
effect on caspase-6 activity, and only slightly inhibited.
STAT3 DNA-binding activity in vitro). This data therefore
demonstrates that la does not bind equally well to all
histidine-containing proteins, and suggests that there exists
further criteria that determine the activity of la against
BRDA4.

To further verify the BRD4 inhibitory activity of iridium
(IIT) complex 1la, the complex was subjected to a dose-
response experiment in the TR-FRET assay. The results
showed that la inhibited the peptide-binding activity of
BRD4 with an ICs, value (dose required to inhibit 50%
TR-FRET ratio) of 0.07 uM (FIG. 4a). The inhibitory
activity of complex la against the interaction between
BRD4 and H4AcK4 was further confirmed using an
AlphaScreen assay.

BRD4 contains two conserved N-terminal broinodomains
BRD4(1) and BRD4(2). The activity of complex 1a against
the binding of BRD4(2) to H4AcK4 was also investigated
using the TR-FRET assay (FIG. 3b). The results revealed
that la exhibited no significant inhibition of the interaction
between BRD4(2) and H4AcK4. Therefore, complex la
selectively inhibits the BRD4(1) domain. This result was
further corroborated by a fluorescence polarization assay.

The interaction between complex la with the BRD4
proteins was also monitored by luminescence spectroscopy,
since complex la exhibits a high luminescence response in
the presence of BRD4(1) and BRD4(2). A time-course
experiment revealed that the luminescence signal of la
reached steady-state within 5 and 8 min upon the addition of
BRDA4(1) or BRD4(2) at 25° C., respectively. These data
suggest that complex la may react slightly faster with the
BRDA4(1) protein.

LC-MS/MS further demonstrated the binding of 1a to
BRD4(1). Mass spectrometer data was pooled and analyzed
for the BRD4(1)-1a complex of 17036.5 Da or the intact
BRDA4(1) corresponding to 16472.3 Da (FIGS. 3¢ and 3d).
As shown in FIG. 3e, MS/MS fragmentation of the singly-
charged ion (m/z 529.1) matched the molecular weight of 1a
with cleavage of two ACN (acetonitrile) ligands. After 2 h
of incubation with la, a complex was observed correspond-
ing to BRD4(1) binding to C,,H,N,Ir (529.1) with an
additional buffer adduct NH,*OH~ (35.0). The MS data
therefore suggests that la loses two ACN ligands upon
binding to BRD4(1).

To further investigate the mechanism of action of la, we
incubated the complex in DMSO solution. The results
showed that 1a exchanges its acetonitrile ligands for DMSO
ligands from the solution. This is similar to previous com-
plexes,** as well as NAMI-A and KP1019. Moreover, since
DMSO ligands are also labile, this should not affect the
ability of 1a to bind covalently to the protein target, as is the
case for the previously described complexes. This makes the
mechanism of la likely to be similar to that of NAMI-A/
KP1019 which also interact covalently with their biomo-
lecular targets via ligand exchange. Furthermore, after
ligand exchange with DMSO, the complex was stable for at
least 24 h in DMSO solution and in plasma under our test
conditions, as revealed by the absence of significant changes
in the absorbance.

45

10

Given by the promising activity of complex 1a at antago-
nizing the BRD4-H4 AcK4 interaction in vitro, the complex
was further examined for its biological activity in cells. We
first performed a chromatin immunoprecipitation (ChIP)
assay to investigate whether la can modulate the binding of
BRD4 to chromatin in human malignant melanoma A375
and human caucasian metastatic melanoma A2058 cell lines
(FIG. 5). ChIP analysis at the MYC promoter showed that 10
nM of complex 1a decreased the recruitment of BRD4 after
6 h. A similar pattern was observed at Bcl-2 and CDKG6 loci,
but not at the housekeeping B2M gene. These results suggest
that 1a is able to modulate the interaction between chromatin
and BRD4 in A375 and A2058 cells, particularly at the MYC
promoter.

Furthermore, the impact of complex la on c-myc and
Bcl-2 expression in A375 and A2058 cells was investigated.
Immunoblotting analysis of lysates from treated cells
revealed that the expression of c-myc and Bcl-2 proteins was
reduced by la in a dose-dependent mariner (FIG. 6). These
observations are also consistent with the result of the chip
assay described above, which showed that complex 1 could
disrupt the binding of BRD4 to the MYC and Bcl-2 pro-
moters. These results therefore suggest that 1a may act as a
transcriptional modulator of c-myc and Bcl-2 expression.

c-myc and Bcl-2have been intensely studied as anti-
cancer targets due to their roles in cell cycle progression,
cellular transformation and apoptosis. Therefore, we were
interested to investigate whether or not complex la could
exhibit anti-proliferative effects against cancer cells. In in
vitro evaluation, complex la exhibited potent cytotoxicity
against the A375 (IC5,=12.5 uM) and A2058 (IC5,=3 uM)
cell lines (FIGS. 6c¢ and 6d). The anti-proliferative activity
of complex la towards A375 and A2058 cells was further
determined using the colony formation assay. The results
showed that la was cytotoxic against A375 and A2058
melanoma cells with estimated IC,, values (dose required to
inhibit 50% cellular growth after 24 h exposure to 1a) of 5
nM and 1 nM, respectively. We reason that the cytotoxicity
imparted by la could be atuibuted, at least in part, to the
suppression of c-mvc and Bcl-2 transcription via BRD4
inhibition Additionally, ERK %5, p-ERK % and PARP
expression were also down-regulated in A375 and A2058
cells after treatment with la (FIGS. 6a and 65). Aberrant
ERK 1% activation is implicated in numerous tumors, while
PARP promotes cell survival due to its role in DNA repair.
Therefore, the inhibition of ERK %2 and/or PARP activity by
complex la may represent an alternative mechanism by
which the complex exerts anti-proliferative activity.

To further explore the relationship between BRD4 inhi-
bition and cytotoxic activity, we also tested the metal
complexes 1, la-1j for their in vitro anticancer activity
against A375 cells. Plotting the antiproliferative IC,, values
of'the complexes against the IC,, values for the inhibition of
BRD4(1)-H4AcK4binding revealed a positive relationship
(r=0.8207, n=14) (FIG. 5g), suggesting that the anticancer
activity of the metal complexes may be mediated by their
inhibition of BRD4 binding activity

To further investigate the antitumor activity exerted by
BRD4 inhibition, we explored the biological activity of la
in a mouse xenograft tumor model. Six to seven week-old
male CB.17 SCID mice were injected subcutaneously with
human malignant melanoma A375 cells, and after the estab-
lishment of palpable tumors, were administrated with la
(100 mg/kg) or vehicle (13% DMSO in normal saline)
intraperitoneally (i.p.) once daily for 16 days. Encourag-
ingly, the treated tumors were ca. 40% smaller than the
control tumors over the course of the treatment, with a
significant difference in estimated tumor volume being
observed after 16 days (FIGS. 6a, 65 and 6¢). Tumor weight
measurements after sacrifice confirmed a reduction in tumor
growth in mice administrated with la (FIG. 6d). We also
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observed that the treated mice exhibited no signs of weight
loss over the course of the experiment (FIG. 6¢), Taken
together, these results indicate that complex 1a significantly
inhibited the growth of melanoma tissue in an in vivo
xenograft model, without causing overt toxicity to the mice.

Microarray analysis was performed on the excised tumor
tissues to identify signaling pathways that were up-regulated
or down-regulated by complex la. The results showed that
treatment with la resulted in MYC down-regulation as well
as a significant decrease in expression of the c-Myc target
gene set in the tumor tissues. Moreover, complex la up-
regulated genes in the extracellular matrix (ECM) pathway
while down-regulating genes in the VEGF signaling path-
way (FIG. 6f). Differential ECM gene expression is an
important marker of metastatic activity, and BRD4 modu-
lates the expression of many ECM genes that are dysregu-
lated in tumors. Moreover, increased MYC activity can also
suppress ECM gene expression®> >, Hence, the up-regula-
tion of the ECM pathway in tumor tissues could potentially
be attributed to the inhibition of BRD4-directed transcrip-
tion by la in vivo. Furthermore, MYC gromotes angiogen-
esis through the up-regulation of VEGF.”® °7 Therefore, the
down-regulation of genes in the VEGF signaling pathway
could also be attributed to the effects of 1la on BRUT-
mediated transcription in vivo.

Alphascreen assay, Assays were performed as described
previously with minor modifications from the manufactur-
er’s protocol (PerkinElmer, USA). All reagents were diluted
in 50 mM HEPES, 100 mM NaCl, 0.1% BSA, pH 7.4
supplemented with 0.05% CHAPS and allowed to equili-
brate to room temperature prior to addition to plates. A
24-point 1:2 serial dilution of the ligands was prepared over
the range of 0-150 uM and 4 pl transferred to low-volume
384-well plates (ProxiPlate™-384 Plus, PerkinElmer,
USA), followed by 4 ul. of His-tagged protein (BRD4(1),
250 nM, BRD4(2) and CREBBP, 2000 nM, Cayman Chemi-
cal, Ann Arbor, Mich., USA). Plates were sealed and incu-
bated at room temperature for 30 min, before the addition of
4 uL of biotinylated peptide at equimolar concentration to
the protein [peptide for BRD4(1) & BRD4(2): HSGRGK
(Ac)GGK(Ac)GLGK(Ac)GGAK(Ac)RHRK (Biotin)-OH
peptide  for CREBBP: Biotin-KSAPATGGVK(Ac)
KPHRYRPGT-OH (China peptide, Shanghai, China)]. 384-
well plates were sealed and incubated for a further 30 min,
before the addition of 4 pl. of streptavidin-coated donor
beads (25 pg/mL) and 4 pl nickel chelate acceptor beads (25
ng/mL) under low light conditions. Plates were foil-sealed to
protect from light, incubated at room temperature for 60 min
and read on an EnVision Multilabel Reader (PerkinElmer)
using an AlphaScreen 680 excitation/570 emission filter set.
1C50 values were calculated in Prism 5 (GraphPad Software,
USA) after normalization against corresponding dimethyl
sulfoxide (DMSO) controls and are given as the final
concentration of compound in the 20 pl reaction volume.

Fluorescence polarization assay. All components were
dissolved in buffer composition of 50 mM HEPES pH 7.4,
150 mM NaCl and 0.5 mM CHAPS with final concentra-
tions of BRD4(1) or BRD4(2), fluorescent ligand
H4KS5acK8acK12acK16ac, HSGRGK(Ac)GGK(Ac)GLGK
(Ac)GGAK(Ac)RHRK(FAM) 100 nM. 10 pL of this reac-
tion mixture was added to wells containing 10 ulL of various
concentrations of test compound or DMSO vehicle (1%
final) in 384-well black plate (PerkinElmer) and equilibrated
in the dark for 60 min at room temperature. Fluorescence
anisotropy was measured by SpectraMax M5 microplate
reader (Molecular Devices) using FP module with excitation
and emission wavelengths are 485 nm and 520 nm respec-
tively.

Measurement of caspase-6 activity in vitro. Caspase-6
activity assay was performed using a fluorometric method
(Abnova, Taiwan) according to the manufacturer’s instruc-
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tions. Serial dilution of 1a were mixed with reaction buffer
and 50 uM VEID-AFC (AFC, 7-amino-4-trifluoromethyl
coumarin) substrate. The mixture was incubated at 37° C. for
1 h. Measured the fluorescence at an excitation and emission
wavelength of 400 nm and 505 nm using SpectraMax M5
microplate reader (Molecular Devices).

STAT3 DNA-binding ELISA, The STAT3 DNA-binding
assay was performed using the TransAM® Transcription
Factor ELISA (Active Motif, Carlsbad, Calif.) according to
the manufacturer’s instructions. Briefly, HepG2 cells
nuclear extract (2 ng) containing activated STAT3 was
added with compound (20 pL) and complete binding buffer
(30 uL) to microlitre wells coated with the STAT3 DNA
consensus sequence. The mixture was incubated at room
temperature for 1 h. The wells were washed three times with
1 x wash buffer, and incubated with STAT3 antibody for 1
h. The wells were washed as before and incubated with
horseradish peroxide-conjugated secondary antibody at
room temperature for 1 h. The wells were washed as before,
incubated with 100 pl. of developing solution, quenched
with 100 pL stop solution, and the absorbance was measured
at A=450 nm.

3-(4,5-Dimethylthiazol-2-y1)-2,5-Diphenyltetrazolium
Bromide (MTT) assay. Cells were seeded in 96-well plates
in triplicate at a density of 5,000 cells per well and given 24
h to adhere. Cells were then treated with varying concen-
trations of the tested compounds in the presence of 10%
FBS. The cells were incubated for 72 h at 37° C. 25 uL. of
MTT dye was added to each sample and. incubated for 3.5
h. After this, 100 uL. of DMSO was added to each well. The
absorbance at 450 nm was recorded and the Half-Maximal
inhibitory concentrations (IC50) were determined using
Prism 5.0 (Graph-Pad Software Inc., San Diego, Calif,
USA)

Colony formation assay. Cells were seeded at 250 cells
per well in 6 cm well plates (n=3). After 7 to 10 days of
treatment, cells were stained with crystal violet, photo-
graphed, and scored.
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What we claim is:
1. A compound of the formula:

wherein X' is an anion selected from trifluoromethane-
sulfonate, hexafluorophosphate, chloride perchlorate,
tetrafluorohorate tetraphenyl borate, or substituted tet-
raphenyl borate;

M is iridium;

R, and R, are each individually selected from the group
consisting of methyl and ethyl;

R,, R Rg, Rg, R, and R, 5 are each individually selected
from the group consisting of hydrogen, alkyl and
alkoxy groups containing from 1-6 carbon atoms
wherein the alkyl group is linear or branched;

R, and Ry are each individually selected from the group
consisting of hydrogen, CHO, alkyl of from 2-6 carbon
atoms and alkoxy groups containing from 1-6 carbon
atoms wherein the alkyl group is linear or branched

R, and R are each individually selected from the group
consisting of hydrogen, alkyl and alkoxy groups con-
taining from 1-6 carbon atoms wherein the alkyl group
is linear or branched or R4 and Ry can jointly form a
CH—CH or CH,—Ch, group; and

R, and R,, are each individually selected from the group
consisting of hydrogen, alkyl and alkoxy groups con-
taining from 1-6 carbon atoms wherein the alkyl group
is linear or branched or R, and R, can jointly form a
CH—CH or CH,—CH, group;

R,s and R 4 are each individually selected from alkyl
groups of from 1-4 carbon atoms or aryl groups of 6-10
carbon atoms.

2. A compound as claimed in claim 1 of the formula:
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wherein X and R, -R | ; have the same meaning as in claim
1.

3. The compound as claimed in claim 1, wherein R, and
R,, are both methyl.

4. A compound as claimed in claim I, wherein each of R,
R;, R4, Rs, Rg, Ry Rg, R, Ry, Ry; Ry and R, 5 is hydrogen
or methyl.

5. A compound as claimed in claim 4, wherein each of R,
R;, Ry, Rs, Rg, R Rg, R, Ry, Ry; R;5 and R 5 is hydrogen.

6. A compound as claimed in claim 5, which is:

OTEF~

wherein OTF indicates that the compound is a trifluo-

romethanesulfonate salt.

7. A method of inhibiting transcriptional regulators
selected from bromodomain and extraterminal bromodo-
main to inhibit proliferation of metastatic cancer cells which
comprises administering a therapeutic dose of a compound
of the formula

wherein X~ is an anion selected from trifluoromethane-
sulfonate, hexafluorophosphate, chloride, perchlorate,
tetrafluoroborate tetraphenyl borate, or substituted tet-
raphenyl borate such as tetra[3,5-bis(trifluoromethyl)
phenyl] borate

M is iridium or rhodium;

R, and R, are each individually selected from the group
consisting of methyl and ethyl;

R,, R Rs, Rg, Ry, and R, 5 are each individually selected
from the group consisting of hydrogen, alkyl and
alkoxy groups containing from 1-6 carbon atoms
wherein the alkyl group is linear or branched;

R, and Ry are each individually selected from the group
consisting of hydrogen, CHO, alkyl of from 1-6 carbon
atoms and alkoxy groups containing from 1-6 carbon
atoms wherein the alkyl group is linear or branched

R, and Ry are each individually selected from the group
consisting of hydrogen, alkyl and alkoxy groups con-
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taining from 1-6 carbon atoms wherein the alkyl group
is linear or branched or R4 and R5 can jointly form a
CH—CH or CH,—CH, group; and
R, and R,, are each individually selected from the group
consisting of hydrogen, alkyl and alkoxy groups con-
taining from 1-6 carbon atoms wherein the alkyl group
is linear or branched or R, and R, can jointly form a
CH—CH or CH,—CH, group; and
R,s and R 4 are each individually selected from alkyl
groups of from 1-4 carbon atoms or aryl groups of 6-10
carbon atoms, to a patient in need thereof.
8. A method as claimed in claim 7, wherein said tran-
scriptional regulator is BRD4.
9. A method as claimed in claims 8, herein said metastatic
cancer cells are metastatic melanoma cells.
10. A method as claimed in claim 8, wherein said com-
pound of the formula:

wherein X~ is an anion selected from trifluoromethane-
sulfonate, hexafluorophosphate, chloride perchlorate,
tetrafluoroborate tetraphenyl borate, or substituted tet-
raphenyl borate;

M is iridium;

R, and R, are each individually selected from the group
consisting of methyl and ethyl;

R,, Ry Ry, R, R, and R 5 are each individually selected
from the group consisting of hydrogen, alkyl and
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alkoxy groups containing from 1-6 carbon atoms
wherein the alkyl group is linear or branched;

R, and Ry are each individually selected from the group
consisting of hydrogen, CHO, alkyl of from 2-6 carbon
atoms and alkoxy groups containing from 1-6 carbon
atoms wherein the alkyl group is linear or branched

R, and Ry are each individually selected from the group
consisting of hydrogen, alkyl and alkoxy groups con-
taining from 1-6 carbon atoms wherein the alkyl group
is linear or branched or R, and R can jointly form a
CH—CH or CH,—CH, group; and

R,, and R, are each individually selected from the group
consisting of hydrogen, alkyl and alkoxy groups con-
taining from 1-6 carbon atoms wherein the alkyl group
is linear or branched or R, and R, can jointly form a
CH—CH or CH,—CH, group;

R,s and R,¢ are each individually selected from alkyl
groups of from 1-4 carbon atoms or aryl groups of 6-10
carbon atoms.

11. The Method as claimed in claim 8, wherein R, and R |,

are both methyl.

12. The method as claimed in in claim 10, wherein each
of R,, R;, Ry, Ry, R, Ry, Rg, Ry, Ry, Ry Ry, and Ry5 is
hydrogen or methyl.

13. The method as claimed in claim 12, wherein each of
R,, R;, Ry, Ry, Ry, R, Rg, Ry, R, Ry, Ry, and Ry5 is
hydrogen.

14. The method as claimed in claim 13, wherein said
compound is:

OTEF~

wherein OTF indicates that the compound is a trifluo-
romethanesulfonate salt.
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