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Mcl-1, a pro-survival member of the Bcl-2 protein family, is an attractive target for cancer therapy. We have recently
identified the natural product marinopyrrole A (maritoclax) as a novel small molecule Mcl-1 inhibitor. Here, we describe
the structure-activity relationship study of pyoluteorin derivatives based on maritoclax. To date, we synthesized over 30
derivatives of maritoclax and evaluated their inhibitory actions and cytotoxicity toward Mcl-1-dependent cell lines. As a
result, several functional groups were identified in the pyoluteorin motif that significantly potentiate biological activity.
A number of such derivatives, KS04 and KS18, interacted with Mcl-1 in a conserved fashion according to NMR
spectroscopy and molecular modeling. KS04 and KS18 induced apoptosis selectively in Mcl-1-dependent but not Bcl-2-
dependent K562 cells through selective Mcl-1 down-regulation, and synergistically enhanced apoptosis in combination
with ABT-737. Moreover, the intraperitoneal administration of KS18 (10 mg/kg/d) and ABT-737 (20 mg/kg/d)
significantly suppressed the growth of ABT-737-resistant HL-60 xenografts in nude mice without apparent toxicity.
Overall, we identified the pharmacophore of pyoluteorin derivatives that act as potent and promising Mcl-1 antagonists

against Mcl-1-dependent hematological cancers.

Introduction

The B-cell lymphoma-2 (Bcl-2) protein family consists of
both pro-apoptotic and anti-apoptotic members to regulate mito-
chondrial apoptosis. The anti-apoptotic members, including Bcl-
2, BelxL, Bcl-w, Mcl-1, and Bfl-1, sequester both direct (i.e.,
Bid, Bim, Puma) and indirect (e.g., Bad, Bik, Bmf, Noxa) activa-
tor BH3-only proteins to maintain homeostasis. The release of
direct activator BH3-only proteins from the anti-apoptotic Bcl-2
family proteins results in the oligomerization of multi-domain
pro-apoptotic Bax and Bak proteins to induce mitochondrial
outer membrane permeabilization, releasing factors such as cyto-
chrome C and Smac to execute caspase activation and apoptosis.'

Hematological malignancies such as leukemias, lymphomas,
and myelomas are projected to account for 9.4% of all cancer
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deaths in the USA for 2014,% and the up-regulation of anti-apo-
ptotic Bcl-2 family proteins is frequently observed. The t(14;18)
(932;921) chromosomal translocation occurs in the majority of
follicular lymphoma cases to drive Bcl-2 upregulation.” Bcl-2
and BclxL are also up-regulated in chronic lymphocytic leuke-
mia® and multiple myeloma.” Furthermore, Bcl-2 up-regulation
is associated with poor prognosis and chemo-resistance in acute
myeloid leukemia (AML), B-cell lymphoma, and multiple mye-
loma.®® Highly selective Bcl-2 inhibitor ABT-737, and its ana-
logs ABT-263 and ABT-199 developed by Abbott Laboratories
show both pre-clinical and clinical efficacy against a number of
hematological cancers."”'* However, Mcl-1-dependent cancers
are resistant to selective Bcl-2 antagonism. For instance, subsets
of multiple myeloma could be Mcl-1-dependent and resist ABT-
737 treatment.'”'>'* The survival of AML cells was also shown
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to be largely Mcl-1-dependent.'” Furthermore, prolonged treat-
ment of ABT-737 to leukemic cells could cause acquired resis-
tance, often through Mcl-1 upregulation.” A selective small
molecule Mcl-1 antagonist would thus be promising both as a
single agent and in combination for the treatment of hematologi-
cal cancers.

Through a natural compound library screen, we identified a
small molecule, marinopyrrole A (maritoclax), a novel bispyrrole
compound which was selectively cytotoxic to Mcl-1-dependent
but not Bcl-2 dependent cancer cells.'® Maritoclax could activate
Bax/Bak-dependent and caspase-dependent apoptotic machinery
subsequent of proteasome-mediated Mcl-1 downregulation. Based
on both NMR and computational docking studies, maritoclax is
hypothesized to bind to a pocket near the C-terminus of the
BH3-binding groove on Mdl-1."° Unlike other BH3 peptides, the
C-terminal region of Noxa BH3 domain uniquely induces Mcl-1
degradation.'” Maritoclax was therefore postulated to destabilize
Mcl-1 by mimicking Noxa tail binding. Maritoclax has demon-
strated efficacy against Mcl-1-dependent melanoma and AML
cells through Mcl-1 down-regulation, inducing apoptosis both as
a single agent and synergistically with ABT-737."'®"

Although maritoclax was promising against Mcl-1-dependent
cancers, the compound demonstrated micromolar potency
toward sensitive cells and was lipophilic. Therefore, structure-
activity relationship (SAR) studies of its chemical derivatives in
hematological cancer models could precisely define the pharma-
cophore, and generate compounds with greater solubility and
potency. In this study, we synthesized over 30 pyoluteorin deriva-
tives based on maritoclax, several of which demonstrated equal or
greater potency against Mcl-1-dependent cell lines compared to
maritoclax. Key pharmacophore sites which induce activity cliffs
for Mcl-1-dependent cytotoxicity were identified on the pyolu-
teorin motif. Accordingly, 2 of these compounds, KS04 and
KS18, physically interacted with Mcl-1 in a conserved manner.
Both compounds induced selective Mcl-1 downregulation and
subsequent Bak-dependent cytotoxicity alone and in synergy
with ABT-737. KS18 demonstrated selectivity toward cancer
cells, and overcame stroma-mediated drug resistance, while
exhibiting less toxicity than daunorubicin against bone marrow
cells. Finally, intraperitoneal (i.p.) administration of KS18 as a
single agent and synergistic co-treatment with ABT-737 signifi-
cantly reduced ABT-737-resistant (ABTR) HL60 xenograft

tumor volumes in nude mice.

Results

Pyoluteorin derivatives antagonize Mcl-1

Maritoclax is a chimeric molecule belonging to the distinct
class of bispyrrole compounds. However, the cytotoxic activities
of the (+) and (=) enantiomers did not differ significantly
between each other or the racemic mixture.'” Thus, a single pyr-
role moiety may be sufficient for Mcl-1 antagonism. We there-
fore synthesized a series of compounds, KS01-KS31, bearing a
single pyrrole moiety. Interestingly, compounds which mimicked
the single pyrrole moiety of maritoclax were structural analogs of
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pyoluteorin (Table 1). Pyoluteorin is a natural occurring antibi-
otic, herbicidal, and antifungal agent for which anti-cancer activi-
ties have not been previously described.”® One such pyoluteorin
derivative, KS04, demonstrated potency comparable to that of
maritoclax toward the U937 AML cell line (Table 1).'° KS17 is
a pro-drug of KS04 through the esterification of the hydroxyl
group at the Y position on the pyoluteorin motif, and therefore
similar to KS04 in potency to U937 cells. Compared to the
parental compound maritoclax, KS04 contained a halogen sub-
stitution at the X position. On the other hand, KS02, which
completely mimics the single pyrrole moiety of maritoclax, was
weakly potent. Therefore, while a single pyrrole moiety was suffi-
cient for Mcl-1 antagonism, substitutions at additional sites on
the pyoluteorin motif could enhance Mcl-1-dependent cytotoxic-
ity. We therefore performed additional substitutions on the KS04
motif in attempt to further enhance cytotoxicity. A bromo substi-
tution at the Z group in KS06 or a methyl substitution at the X
group in KS13 yielded decreased potency. The addition of
hydroxyl or methoxy groups at Ry, Ry, and Rj sites in KS07-
KS12 and KS14 all reduced the potency of pyoluteorin deriva-
tives. A halogen or p-PhCl substitution at the Rj site in KS18—
20, KS24, and KS27, on the other hand, generated an activity
cliff of pyoluteorin derivatives with sub-micromolar ECs, against
U937 cells.

As KS18 was a highly potent compound against the U937 cell
line, pro-drugs were generated that could improve in vivo distri-
bution and solubility through esterification or phosphorylation
of the hydroxyl group in compounds KS19 and KS18a respec-
tively at the Y site. KS18 and KS19 exhibited similar potencies
against U937 cells, whereas KS18a was less potent. The substitu-
tion of the Rj site with a large hydrophobic group in KS31
decreased its potency toward U937 cells (Table S1).

We screened a number of promising pyoluteorin derivatives
against a panel of hematological cancer cell lines, controlled with
maritoclax, ABT-737, and daunorubicin (Table 2). The poten-
cies of KS04 and its pro-drug KS17 against the panel of cell lines
were highly similar to that of maritoclax, overcoming both
multi-drug resistance and ABT-737 resistance (ABTR). Com-
pounds KS18 and its pro-drug KS19, KS20, and KS24 were con-
sistently more potent than maritoclax in sensitive cell lines.
Furthermore, pyoluteorin derivatives were potent against multi-
ple myeloma cell lines such NCI-H929, which was resistant to
ABT-737 treatment. Importantly, Bcl-2-dependent K562
(K562/Bcl-2-IRES-Bim) and Bax/Bak-deficient Jurkat (Jur-
katABak) cells were resistant to pyoluteorin derivatives (Table 2).

Pyoluteorin derivatives interact with Mcl-1

Four BH3 binding pockets p1, p2, p3, and p4 on Mcl-1 has
been identified, corresponding to positions of E74, L78, 181, and
V85 of mouse NoxaB (mNoxaB) BH3 domain, respectively.”'
Noxa binding to Mdl-1 induces Mcl-1 degradation, and the
amino acid sequence LRQKLL in the tail region of mNoxaB
BH3 helix is considered essential for inducing degradation.'”
NMR structures'” show amino acid residues K84, R88, and N93
of mNoxaB can form hydrogen bonds with Mcl-1 residues
G308, E306, and E298 and F299 backbone carbonyl groups.
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Table 1. Chemical structures of maritoclax derivatives bearing a pyoluteorin motif. Viability of U937 cells treated with the indicated compounds over
48 hours were used to calculate the EC50 values. For additional compounds that deviate from the pyoluteorin motif, see Table S1

Pyoluteorin Motif Compound X Y Y4 R, R Rs3 ECs0 (M)

2 O Y KS01 —H —OCH;, —H —H —H —H > 50

0 KS02 —H —OH —H —H —H —H 19
N R4 KS03 —Br —OCH; —H —H —H —H ~ 50

Cl N | KS04 —Br —OH —H —H —H —H 17
KS05 —Br —OCH; —Br —H —H —H 13

| X R KS06 —Br —OH —Br —H —H —H 11
C R3 KS07 —H —OCH; —H —OCH; —OCH; —H > 50
KS08 —H —OH —H —OCH; —OCH; —H 30

KS09 —H —OH —H —OH —OH —H 33

KS11 Br —OCH, —H —OCH; —OCH; —H 22

KS12 Br —OH —H —OH —OCH; —H 50

KS13 —CH, —OH —H —H —H —H 13

KS14 —Br —OH —H —H —OH —H 30

KS17 —Br — OCOCH; —H —H —H —H 18

KS18 —Br —OH —H —H —H —a 05

KS18a —Br —OPO3H, —H —H —H — 33

KS19 —Br —OCOCH; —H —H —H —a 05

K520 —Br —OH —H —H —H —F 07

KS21 —Br —OH —H —H —H —OH 13

KS22 —Br —OH —H —H —H —CH, 31

KS23 —Br —OH —H —H —H —CH,CH; 25

KS24 —Br —OH —H —H —H —p—Phcl 06

KS27 —Br —OH —H —H —H —Br 08

These hydrogen bonds allow the C-terminus of mNoxaB BH3
helix to attach to the unfolded tail of Mcl-1 helix 8.'7-*! How-
ever, the NMR structures'” contain different conformations of
helix 8 tail region, and these specific hydrogen bonds may not
hold in some of the conformations.

Maritoclax was previously shown to physically interact with
Mcl-1 by NMR spectroscopy.'® In order to determine whether
pyoluteorin derivatives bearing a single pyrrole moiety similarly
interact with Mcl-1, we titrated '’N-labeled Mcl-1 with KS04
and KS18 for analysis through NMR spectroscopy. Both KS04
and KS18 appeared to interact with Mcl-1, apparent due to aver-
age chemical shift differences on the Mcl-1 spectra (Fig. 1A).
Average chemical shift changes greater than 0.05 were observed
for residues E161, K175, G198, T207, R214, 1L.216, K219,

E221, V224, S228, R229, V234, G243, 1245, V246, T247,
S$250, F251, V255, N263, 1279, R281, K289, H301, V302,
L305, and E306. Among those, residues S228, G243, 1245,
§250, F251, V246, V255, 1279, and E306 were also found to
have changed significantly when titrated with maritoclax, sug-
gesting that maritoclax, KS04, and KS18 could interact with a
conserved site on Mdl-1."® Indeed, the mapping of residues
which demonstrated significant average chemical shift differences
on the NMR structure of Mcl-1 indicates that maritoclax, KS04,
and KS18 could mimic Noxa in its interaction with Mcl-1
(Fig. 1B). The conserved residues undergoing chemical shift dif-
ferences upon addition of maritoclax, KS04, and KS18 reside
almost exactly at BH3 binding pockets p2 and p4. Additional
residues which demonstrated shift

significant  chemical

Table 2. The ECs, values of the indicated cell lines treated with the indicated compounds over 48 hours, ¥28 hours, **24 hours

ECso (1.M) Maritoclax KSo04 KS17 KS18 KS19 KS20 KS24 ABT-737 Daunorubicin
K562/Mcl-1-IRES-Bim 0.99 141 1.13 0.60* 0.41 0.55 0.58 9.3%*
K562/Bcl-2-IRES-Bim >20 >25 >20 >50* 0.35%*

Jurkat 2.53 297 1.15 1.21 1.68 0.66

JurkatABak >15 >20 >25 >25 >25 >50

HL60/VCR 1.67 1.35 1.17 0.69 0.66 0.71 >50 3041

HL60/ABTR 2.15 3.03 1.63 0.73 0.80 0.83 1.83 >100 1217

Kasumi-1 1.80 6.70 1.47 0.01

Kasumi-1/ABT 2.15 291 0.70 0.51 0.46
THP-1 6.31 3.74 1.96 1.27 0.065
U937 1.23 1.66 1.77 0.54 0.50 0.67 0.57 5.29 0.86
C1498 1.66 1.12 0.70 0.85 0.68 6.13 1.92

RPMI 8226 2.68 1.87 0.94 0.72 0.58 0.57 0.25 0.23

MM.1S 3.72 1.92 1.71 0.79 0.68 0.69 0.40 0.12
NCI-H929 1.47 1.00 1.30 0.72 0.74 0.73 15.21 0.24
U266 2.15 2.04 0.90 0.68
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Figure 1. Pyoluteorin derivatives bind to and induce Mcl-1 degradation. (A) Plot of average chemical shift differences in the spectra of 15N-labeled Mcl-1
upon titration with KS04 (top) and KS18 (bottom). (B) Pockets p2 (left, light blue) and p4 (left, dark red) are indicated on the NMR structure of Mcl-1 com-
plexed with Noxa. The same NMR structure of Mcl-1 is also indicated with residues which demonstrate significant average chemical shift differences
according to NMR spectroscopy for all of maritoclax, KS04, and KS18 (right, blue), both KS04 and KS18 (right, red), KS04 alone (right, light green), and
KS18 alone (right, dark green). (C) The structure of KS04 and KS18 computationally docked to Mcl-1 by GLIDE. Blue and red colors of the molecular sur-
face represent positive and negative potentials respectively. The carbon atoms of KS04 are colored gray and those of KS18 green. Chlorine atoms are col-
ored dark green, bromine atom purple, oxygen atoms red, nitrogen blue, and polar hydrogen white. Non-polar hydrogen atoms are not shown. Left: The
pyrrole group of the KS compounds docked in the p4 pocket of the molecular surface of Mcl-1 with their phenol group extended to the tail region of
Mcl-1 helix 8. Right: Hydrogen bonding and amino acid residues near the predicated binding site of KS compounds. Mcl-1 backbone is represented by
red to purple ribbons from N-terminus to C-terminus. Two hydrogen bonds between KS compounds and Mcl-1 are shown as yellow dotted lines. (D)
U937 cells were treated with vehicle, 2.5 uM KS04 or 2 wM KS18 for 1 hour before adding 10 pg/ml CHX and collecting cells at the indicated times. Pro-
tein levels were detected by immunoblotting and quantified by densitometry.
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differences for both KS04 and KS18 reside along the BH3 bind-
ing groove at pockets p1 and p3, as well as outside the BH3 bind-
ing pockets which might be due to conformational changes upon
ligand binding. NMR spectroscopy data collectively suggest that
maritoclax, KS04, and KS18 interact with Mcl-1 in a similar
manner.

KS04 and KS18 also demonstrated binding differences. KS04
selectively caused significant average chemical shift changes
greater than 0.05 on residues A171, A208, F235, F254, H258,
V262, V288, V297, and G307; and KS18 caused significant
chemical shift changes on residues D154, E182, G211, K225,
W293, and E298. Interestingly, residue K225 on Mcl-1 was sig-
nificantly shifted following titration with KS18, but the same
spectral peak for this residue remained completely unchanged
following titration with KS04 (Fig. 1A).

The experimental observation that KS04 and KS18 might
interact with Mcl-1 at BH3 binding pockets p2 and p4 in NMR
studies led to computational studies for structural insights in their
putative binding pocket. When KS04 and KS18 were docked to
Mcl-1, their docking poses were very similar (Fig. 1C). Two possi-
ble binding regions were observed for both compounds, one is
centered at p2 pocket between helices 4 and 5 in contact with helix
3, and the other centered at p4 pocket between helices 5 and 8 in
contact with helix 2, similar to observations from NMR spectros-
copy. The binding pocket p2 is more hydrophobic compared to
p4, binding with L78 of mNoxaB BH3 domain. According to the
docking results, the pyrrole group of KS compounds is located in
p4 pocket. The hydroxyl oxygen located in the phenol group
forms a hydrogen bond with N204 at the end of helix 2 and the
hydroxyl hydrogen forming a hydrogen bond with G308 of the
Mcl-1 helix 8 tail region. Among residues with chemical shifts
greater than 0.05 ppm with KS04, F235 is near the end of helix 4,
H258 is near the end of helix 5, and V297 is located within helix
8. G307 is located near the C-terminus flexible region. Among res-
idues with chemical shifts greater than 0.05 ppm with KS18, both
W293 and E298 are on helix 8, supporting KS18 binding near the
end of the helix 8. D154 is at the beginning of helix 1 and its
chemical shift could be the result of the N-terminal flexibility
upon ligand binding. K225 is located on helix 4, and G211 is
located on helix 5. However, these residues which specifically
interact with either compound face away from the BH3 binding
pockets, suggesting a difference in conformational change result-
ing from a conserved interaction site on Mcl-1. As mentioned pre-
viously, the binding site of KS04 and KS18 near pocket p4 may
not be the only possible site, but the close interaction of these KS
compounds with the tail region of Mcl-1 helix 8, similar to that of
mNoxaB BH3 C-terminus, suggests that binding to Mcl-1 helix 8
tail region may be related to Mcl-1 degradation in cells.

Accordingly, KS04 and KS18 decreased Mcl-1 protein half-
life from 178 minutes to 21 and 20 minutes, respectively, in
U937 cells treated with CHX (Fig. 1D). Our data cumulatively
suggest that pyoluteorin derivatives KS04 and KS18 interact with
Mcl-1 in a similar mechanism compared to maritoclax, by desta-
bilizing Mcl-1 protein levels through physical interaction with
Mcl-1.
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Pyoluteorin derivatives cause Mcl-1-dependent cell death
in hematological cancer cell lines

We determined whether pyoluteorin derivatives could induce
Mcl-1-dependent apoptosis in hematological cancer cell lines.
KS04 and KS18 were at least 10-fold more selective against
K562/Mcl-1-IRES-Bim compared to K562/Bcl-2-IRES-Bim cell
lines (Fig. 2A, B). Correspondingly, KS04 induced selective
Mcl-1 down-regulation in the K562/Mcl-1-IRES-Bim cell line
over 72 hours, leading to induction of apoptosis (Fig. 2D). How-
ever, other Bcl-2 family proteins remained largely unchanged in
both K562/Mcl-1-IRES-Bim and K562/Bcl-2-IRES-Bim cell
lines, suggesting that KS04 induced Mcl-1-dependent apoptosis.
Similarly, KS18 and KS24 induced concentration-dependent
degradation of Mcl-1 followed by caspase-3 and PARP cleavage
(Fig. 2E, F).

As antagonism of Mcl-1 leads to the activation and oligomeri-
zation of Bax and Bak to initiate apoptosis, the cytotoxic effects
of selective Mcl-1 inhibitors should require Bax and Bak. We
confirmed that the Jurkat/ABak cell line that constitutively lacks
Bak®® was highly resistant to KS18 treatment at an ECs, above
25 pM, unlike parental Jurkat cells with an ECsq of 1.15 pM
(Fig. 2C).

KS04 and KS18 can overcome Mcl-1-mediated ABT-737
resistance in hematologic cancer cell lines

Mcl-1 up-regulation is a major mechanism by which cancer
cells gain resistance to selective Bcl-2 inhibitors.” We previously
generated a number of ABT-737 resistant (ABTR) leukemic cell
lines HL60/ABTR, Kasumi-1/ABTR, and the KG1a/ABTR cell
lines through prolonged culture with sub-optimal concentrations
of ABT-737. All of these ABTR cell lines demonstrated signifi-
cant Mcl-1 upregulation.19 Expectedly, pyoluteorin derivatives
demonstrated equal or greater potency toward HL60/ABTR and
Kasumi-1/ABTR cells compared to maritoclax, which was previ-
ously shown to overcome Mcl-1-mediated drug resistance
(Table 2)."” The Kasumi-1/ABTR cell line was twice as sensitive
to KS04 and KS18 compared to the parental Kasumi-1 cell line.
The mechanism of cell death was confirmed through immuno-
blotting, where KS04 and KS18 were able to induce the selective
downregulation of Mcl-1 in the HL60/ABTR cell line (Fig. 3A).
While down-regulated Mcl-1 was apparent at 12 hours in both
cases, caspases-3 and PARP cleavage only occurred between 24
and 48 hours, suggesting that apoptosis induction is a down-
stream event of Mcl-1 down-regulation.

The addition of a sub-optimal concentration of KS04 and
ABT-737 to the KG1a/ABTR cell line synergistically induced
cell death (Fig. 3B). Similarly, the combinatorial treatment of
KS18 and ABT-737 also synergistically killed HL60/ABTR cells
(Fig. 3C). Although KS18 alone induced Mcl-1 protein downre-
gulation in HLG60/ABTR cells, combination with ABT-737
enhanced caspase-3 and PARP cleavage at lower concentrations
of either compound (Fig. 3D). These data collectively suggest
that pyoluteorin derivatives could overcome ABT-737 resistance
through selective Mcl-1 down-regulation.
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Figure 2. Pyoluteorin derivatives induce Mcl-1-dependent cell death through Bax and Bak in hematological cancer cell lines. Viabilities of K562/Mcl-1-
IRES-Bim and K562/Bcl-2-IRES-Bim cells were measured after treatment with the indicated concentrations of KS04 (A) and KS18 (B) for 48 hours. Error

bars = SD of 3 replicates. (C) Parental and ABak Jurkat cells were treated

Bim and K562/Bcl-2-IRES-Bim cells were treated with 2 M KS04 over the indicated times be analyzed through immunoblotting. K562/Mcl-1-IRES-Bim
cells were treated with the indicated concentrations of KS18 (E) and KS24 (F) for 18 and 24 hours respectively and analyzed by immunoblotting.

with the indicated concentrations of KS18 for 48 hours. (D) K562/Mcl-1-IRES-

KS04 and KS18 overcome stroma-mediated drug resistance
and are less toxic than daunorubicin to stroma cells

For hematological malignancies which originate from the
bone marrow, the in vitro culture of these cancer cells with bone
marrow stroma can mimic the bone marrow microenvironment,
resulting in decreased proliferation and resistance to chemother-
apy.>?> Mcl-1 up-regulation has been implicated in this pro-
cess.’® Therefore, we cultured U937 cells constitutively
expressing luciferase (U937-luc) alone or with the human bone

www.landesbioscience.com Cancer Biol

marrow stroma cell line HS-5 under the treatment of KS04,
KS18, or daunorubicin (Fig. 4A). Expectedly, U937-luc cells cul-
tured with stroma gained resistance to daunorubicin, but
remained sensitive to KS04 and KS18 treatment. However,
HS-5 stroma cells were more resistant to KS04 and KS18 com-
pared to U937 leukemia cells, suggesting the existence of a puta-
tive therapeutic window.

A previous study demonstrated that Mcl-1 is essential for
hematopoiesis in the bone marrow, raising the concern that

ogy & Therapy 1693
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concentration for 48 hours and subjected to immunoblotting.

Figure 3. KS04 and KS18 overcome Mcl-1-mediated ABT-737 resistance in hematological cancer cell lines. (A) HL60/ABTR cells were treated with 2 uM
KS04 and 1.5 pM KS18 over the indicated times and collected for analysis through immunoblotting. (B) Viability (top) of KG1a/ABTR cells was measured
after treatment with the indicated concentrations ABT-737 with vehicle or a sub-optimal concentration of 1.6 wM KS04 for 48 hours. Error bars = SD of 3
replicates. Combination index between ABT-737 and KS04 was calculated based on viability data (bottom). Combination index <1 signifies synergy. (C)
HL60/ABTR cells were treated with the indicated concentrations of ABT-737, KS18, or co-treatment at 1:1 ratio to the final indicated concentration over
48 hours to measure viability (top). Error bars = SD of 3 replicates. Combination index between ABT-737 and KS18 was calculated based on the viability
data (bottom). (D) HL60/ABTR cells were treated with the indicated concentrations of KS18, ABT-737, or co-treatment at 1:1 ratio to the final indicated

pharmacologic inhibitors of Mcl-1 could be too toxic for the
treatment of hematological malignancies.”” We therefore evalu-
ated the toxicity of pyoluteorin derivatives to primary bone mar-
row cells from healthy C57BL/6] mice. In a series of
independent 24 hour viability studies, both ABT-737 and dau-
norubicin killed significantly more primary mouse bone marrow
cells compared to maritoclax, KS04, or KS18 (Fig. 4B). KS18
appeared to be more toxic to the primary bone marrow cells com-
pared to KS04. However, the increased toxicity correlated the
increased potency of KS18. Whereas KS18 demonstrated 3.4-
fold lower ECsq compared to KS04 in U937 cells (Table 1),
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KS18 was only 2.5-fold more toxic to bone marrow cells.
Although bone marrow cells were more sensitive to KS18 treat-
ment based on the ECs value alone, the margin of safety may
have instead increased compared to KS04.

We evaluated the toxicity of KS18 and daunorubicin against
primary mouse bone marrow haematopoietic progenitor cells by
incubating bone marrow cells in methylcellulose medium supple-
mented with stem cell factor, IL-3, IL-6, and erythropoietin
(Fig. 4C). Daunorubicin was acutely toxic to bone marrow hae-
matopoietic progenitor cells, as no colonies were observed at any
of the concentrations tested. KS18, however, was markedly less
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Figure 4. KS04 and KS18 are less toxic to healthy bone marrow cells compared to daunorubicin. (A) U937-luc cells alone or co-cultured with HS-5 stromal
cells, or HS-5 stroma cells alone, were treated with the indicated concentrations of daunorubicin (left), KS04 (middle), and KS18 (right) over 48 hours. Via-
bility of single culture cells and the viability of U937-luc cells in the co-culture were determined. Error bars = SD of 3 replicates. (B) Primary mouse bone

ments). (C) Primary mouse bone marrow seeded to methylcellulose medium supplemented with growth factors were treated with the indicated concen-
trations of KS18 and daunorubicin for 7 days, and the number of haematopoietic cell colonies were counted.

over 24 hours to measure viability (errors = SEM of 5 independent experi-

toxic. Even after 7 d of continuous incubation with the com-
pound, more than 60% of colonies remained at 1 pM. KS18
demonstrated an apparent 7-day ECso of 1.62 uM toward hae-
matopoietic colonies.

KS18 synergizes with ABT-737 to reduce HL60/ABTR
xenograft tumor growth in female athymic nude mice

Given promising in vitro results suggesting the existence of a
therapeutic window for KS18, the 77 vivo toxicity of the com-
pound was evaluated. We administered different doses of KS18
to female athymic nude mice both intraperitoneally (i.p.) and
orally (p.o.) to female athymic nude mice. The maximum toler-
ated dose (MTD) of once daily i.p. administration was 10 mg/kg
and a median lethal dose (LDsg) was 15 mg/kg. The compound
demonstrated a p.o. MTD of 20 mg/kg and LDs, of greater
than 30 mg/kg.

www.landesbioscience.com
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One of the major goals for synthesising maritoclax derivatives
was to improve its solubility and concentration in peripheral
blood. We therefore determined the pharmacokinetics of marito-
clax (10 mg/kg) and KS18 (5 mg/kg) by i.p. administration in
Balb/c mice (Table 3; Table S2). Maritoclax administration

Table 3. The pharmacokinetic parameters of maritoclax and KS18 by intra-
peritoneal injection in female BALB/c mice

Maritoclax (i.p.) 10 mg/kg KS18 (i.p.) 5 mg/kg

T, 2 (hours) 347 2.78
Tmax (hours) 2.0 0.50
Cinax (Ng/mL) 1536.16 14268.36
AUCias (hr*ng/mL) 5408.65 14311.68
AUC|NF7035 (hr*ng/mL) 5418.96 14321.47
VD (mL/kg) 9239.86 1401.30
CL (mL/hour/kg) 1845.37 349.13
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histopathological examination after 14 d of
continuous drug administration. We were
not able to detect any signs of acute toxicity
due to drug treatment in the brain, heart,
lungs, liver, kidneys, or spleen (data not
shown).
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Upregulated Mcl-1  contributes  to
survival and chemo-resistance in many
hematological cancers.”'*"> We previously
identified a small molecule inhibitor of
Mcl-1, maritoclax, which demonstrated in
vitro and in vivo efficacy toward melanoma
and AML.'®'®'” However, maritoclax was
lipophilic and might be sequestered into
fatty compartments in vivo, as evidenced by

its large volume of distribution (Table 3).

Figure 5. KS18 and ABT-737 synergize to reduce HL60/ABTR xenograft tumor growth in athymic
nude mice. (A) Female athymic nude mice bearing HL60/ABTR xenograft tumors were treated
with vehicle, ABT-737 (20 mg/kg), KS18 (10 mg/kg), or both ABT-737 and KS18 at 20 mg/kg and
10 mg/kg respectively, for 14 consecutive days after tumor staging. Tumor volumes were mea-
sured every 2 days. Error bars = SEM of 10-20 xenograft tumors. n.s. = not statistically signifi-
cant, **P <0.005, ***P <0.0005 by Student’s T-test of tumor volumes at day 14. Combination
index between ABT-737 and KS18 was calculated based on perecent tumor size of vehicle control
at each day (right). Combination index <1 signifies synergy. (B) The average body weights of
mice bearing HL60/ABTR xenograft tumors expressed as a percentage of day 0.

We therefore sought to optimize maritoclax
with improved solubility and potency
toward Mcl-1-dependent cancer cells, as
well as to optimize pharmacokinetic param-
eters to improve the in vivo therapeutic
effect. To this purpose, we synthesized a
library of small molecules, KS01-KS31, in
order to identify the pharmacophores

demonstrated favorable half-life (T4,,) in mice plasma at
3.47 hours, reaching a maximum concentration (C,,,) corre-
sponding to 3.01 WM. The large volume of distribution (VD)
confirmed that maritoclax was lipophilic and was likely signifi-
cantly distributed to tissues, a feature that may be undesirable for
the treatment of hematologic malignancies. On the other hand,
KS18 indeed demonstrated a markedly lower VD and a 10-fold
higher C,.; at 37.2 pM. KS18 was able to reach well above its
therapeutic concentration, suggesting that KS18 would exert its
effects at this dose in vivo. However, the compound demon-
strated a lower Ty, at 2.78 hours, suggesting that the more
hydrophilic KS18 could undergo renal clearance more rapidly.
The in vivo efficacy of KS18 was then evaluated in athymic
nude mice xenografted with HL60/ABTR tumors. After tumor
staging, animals were treated with vehicle, ABT-737, KS18, or
their combination by daily i.p. administration for 14 consecutive
days. As the cells were ABT-737 resistant, the tumors were not
responsive to ABT-737 treatment (Fig. 5A). On the other hand,
KS18 alone caused a significant reduction in HL60/ABTR tumor
volumes. The combination treatment of ABT-737 and KS18 syn-
ergistically reduced xenograft tumor sizes as calculated by their
combination index (Fig. 5A). However, weight loss in these
treated mice did not extend beyond 10% of their initial weights.
We also subjected 5 mice from the co-treatment group to
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responsible for Mcl-1 inhibition and cyto-
toxicity (Table 1; Table S1). Based on struc-
ture-activity guided synthesis of small
molecule derivatives, several compounds
bearing a single pyoluteorin motif with nearly half the molecular
weight of maritoclax were identified to be Mcl-1 antagonists.

Pyoluteorin is a naturally-occurring small molecule synthe-
sized by fluorescent Pseudomonas. This compound is currenty
under investigation for its antibiotic, antifungal, and herbicidal
activities.”® We identified a number of pyoluteorin analogs that
behaved as Mcl-1 inhibitors possessing sub-micromolar potency
toward Mcl-1 dependent hematological cancer cells. Based on
SAR studies, our data indicates that a bromo substitution at posi-
tion X, a hydroxyl functional group at Y, as well as a halogen
functional group at Rj of the phenol group are necessary for
potent Mcl-1 antagonism (Table 1). Substitutions at the Z, R,
and R, sites consistently reduced or abrogated pyoluteorin deriv-
ative potency, suggesting that larger functional groups could
result in steric hindrance, weakening the interaction between
Mcl-1 and pyoluteorin derivatives.

A series of pyoluteorin derivatives were eventually identified to
have enhanced solubility, potency, and selectivity toward Mcl-1-
dependent hematological cancer cells. The first group of com-
pounds KS04 and KS17 were identified to demonstrate similar
potency and mechanism of action compared to maritoclax. Fur-
ther studies led to the synthesis of KS18-20, KS24, and KS27
with enhanced potency. Among these, we chose the lead mole-
cules KS04 and KS18 for detailed analysis as Mcl-1 inhibitors.
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NMR spectroscopy and molecular modeling collectively suggest
that KS04 and KS18 may interact with BH3 binding pockets p2
or p4, mimicking Noxa binding to Mcl-1. As selective Bcl-2 fam-
ily inhibitors should depend on Bax/Bak oligomerization of apo-
ptosis induction, we confirmed that Jurkat/ABak cells were
highly resistant to both KS04 and KS18 treatment compared to
parental Jurkat cells (Fig. 2C). Our data collectively indicate that
pyoluteorin derivatives such as KS04 and KSI8 interact with
Mcl-1 to induce Mcl-1-dependent apoptosis.

Selective Bcl-2 inhibitors are promising for the treatment of
Bcl-2 dependent hematological cancers. However, Mcl-1 upregu-
lation is a major mechanism of resistance and remains a major
hurdle in selective Bcl-2 inhibitor therapy.” Pharmacologic Mcl-
1 downregulation can sensitize these resistant cells to selective
Bcl-2 inhibition, increasing their therapeutic benefir,'®'%1%28:2
Accordingly, KS04 and KS18 synergized with ABT-737 to
induce apoptosis in hematological cancer cells through Mcl-1
down-regulation (Fig. 3). KS04 and KS18 overcame Mcl-1-
dependent drug-resistance and sensitized these cells to selective
Bcl-2 inhibitor treatment.

Mcl-1 was reported to be necessary for the survival of haema-
topoietic stem cells,”” yet a therapeutic window was suggested to
exist in another genetic Mcl-1 knock-out mouse model.'” In our
studies with pyoluteorin derivatives, KS04 and KS18 were less
toxic than daunorubicin or ABT-737 to healthy bone marrow
cells (Fig. 4). Additionally, the i.p. administration of KS18 alone
to female athymic nude mice significantly reduced tumor sizes
compared to vehicle treated controls, but did not cause apparent
toxicity upon histopathological examination (Fig. 5). Our studies
affirm that a therapeutic window could potentially exist for the in
vivo treatment of small molecule inhibitors of Mcl-1.

In conclusion, a number of pyoluteorin derivatives based on
maritoclax were synthesized for SAR studies as Mcl-1 inhibitors.
We identified several compounds which demonstrate sub-micro-
molar potency against Mcl-1-dependent hematological cancer
cell lines. Among these, KS04 and KS18 induced Mcl-1 downre-
gulation and subsequent Bax/Bak-dependent apoptosis alone or
synergistically with ABT-737. KS18 was significantly less toxic
than daunorubicin against primary mouse bone marrow and hae-
matopoietic progenitor cells. KS18 is bioavailable in mice, and
its i.p. administration in female athymic nude mice significantly
reduced HL60/ABTR xenograft tumor volumes both as a single
agent, and in synergistic combination with ABT-737. We were
able to describe pharmacophore sites for which a hydroxyl group
and a halogen group generate activity cliffs for Mcl-1 antago-
nism. Our data collectively suggest that pyoluteorin derivatives
such as KS04 and KS18 are Mcl-1 inhibitors, possessing potent
anti-cancer activity against Mcl-1-dependent cancers both in
vitro and in vivo.

Materials and Methods
Synthesis of pyoluteorin derivatives

See online Supplemental Materials for methods and materials
of the synthesis of pyoluteorin derivatives.

www.landesbioscience.com
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Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy with '°N-labeled sample of Mcl-1
ANC23?" titrated with KS04 or KSI8 were completed as
described.'® Briefly, 5 pL or 12.5 wL of 10 mM KS04 in
DMSO, or 5 pL of 10 mM KS18 in DMSO, was added to the
">N-labeled Mcl-1 sample. A "’N-"H HSQC spectrum was col-
lected on this sample with standard Bruker pulse program and
parameters. NMR data was collected after each addition of either
compound. Mcl-1 residues were assigned based on previously
published peak-lists.® Residues which experienced an average
chemical shift difference greater than 0.08 were colored on the
NMR structure of Mcl-1ANC23 complexed with NoxaA
(2ROD.pdb, NoxaA hidden). Average chemical shift differences

were calculated according to the following formula:

DH? x DX
2

Molecular modeling

KS04 and KS18 docking was carried out using the GLIDE
(Grid-based Ligand Docking from Energetics) program3 ' from
Schrédinger, L.L.C. OPLS-2005 force field** was applied in the
GLIDE program. The optimal binding geometry for each model
was obtained by utilization of Monte Carlo sampling techniques
coupled with energy minimization. GLIDE uses a scoring
method based on ChemScore®® but with additional terms added
for greater accuracy. The NMR solution structures of mouse
Mcl-1 in complex with mouse NoxaB (2]M6.pdb)17 were used
for docking KS compounds to Mcl-1.

Antibodies and compounds

Antibodies were obtained from the following sources: human
polyclonal Mcl-1%*; human polyclonal Bcl-2>% monoclonal
BclxL (Sigma B9429); polyclonal Bim (Sigma B7929); mono-
clonal B-actin (Sigma A5441); polyclonal PARP (Cell Signaling
#9542); polyclonal Cleaved Caspase-3 (Cell Signaling #9661);
polyclonal Bax (Santa Cruz sc-493); polyclonal Bak (Millipore
06-536). Racemic maritoclax was synthesized as previously
described.?’ Cycloheximide (CHX) and daunorubicin were
obtained from Sigma (C6798 and D8809 respectively). ABT-
737 was obtained from Abott Laboratories.

Cell culture and transfection

The HL60/ABTR, Kasumi-1/ABTR, and KG1a/ABTR cell
lines were generated by incubation with sub-optimal concentra-
tions of ABT-737 as previously described.'” The K562/Mcl-1-
IRES-Bim and K562/Bcl-2-IRES-Bim cell lines were generated
by retroviral transduction as previously described.'® Jurkat, Jur-
katABak, HL60, HL60/ABTR, HL60/VCR, THP-1, U937,
C1498, RPMI 8226, and MM.1S cell lines were maintained in
RPMI-1640 medium supplemented with 10% fetal bovine
serum (FBS). The U266 cell line was maintained in RPMI-1640
medium with 15% FBS. The Kasumi-1, Kasumi-1/ABTR, KG-
1, KGl1a, and KG1a/ABTR cell lines were maintained in RPMI-
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1640 medium with 20% FBS. The NCI-H929 cell line was
maintained in RPMI-1640 medium with 10% FBS, 2 mM gluta-
mine, and 0.05 mM 2-mercaptoethanol. All cell lines were main-
tained with 100 units/ml penicillin, 100 pg/ml streptomycin,
0.25 pg/ml amphotericin B (Cellgro) and cultured at 37°C with
5% CO, unless otherwise stated. The U937-luc cell line in co-
culture studies with the HS-5 cell line were previously described,”
and the specific viability of leukemic cells were measured through
luminescence immediately following the addition of 150 wg/mL

D-luciferin. Immunoblotting was done as previously described
after cells were lysed in 1% CHAPS or RIPA lysis buffer.'®

Cell viability assay

Cell viability was determined following 48 hours of treatment
unless otherwise specified by the indicated compounds in
medium supplemented with 10% FBS by measuring intracellular
ATP levels with the CellTiter Glo Luminescent Cell Viability
Assay kit (Promega G7571) according to the manufacturer’s
recommendations.

In vitro culture of primary mouse bone marrow
The bone marrow was collected from femur and tibia of
C57BL/6] mice, and washed twice in IMDM medium. 1 x 10°

viable cells/mL were seeded in IMDM medium with 10% FBS,
and treated immediately for cell viability assay over 24 hours.

Primary mouse bone marrow colony formation assay

The bone marrow was collected from the femur and tibia of
female C57BL/6] mice, washed twice in IMDM medium, and
viable cells by trypan blue staining were seeded at 2 x 10° cells/
mL in methylcellulose medium with recombinant cytokines
(MethoCult GF M3434, StemCell Technologies) according to
the manufacturer’s recommendations with the indicated com-
pounds (in 0.25% DMSO) or 0.25% DMSO control for 7 d
before counting colonies.

Pharmacokinetics of maritoclax and pyoluteorin derivatives
in Balb/c mice

All pharmacokinetics studies were completed by GenScript
(Piscataway, NJ 08854, USA). In brief, 30 female Balb/c mice
between 20-22 g were used for each treatment group. Maritoclax
or KS18 was administered in PTD solvent>® with <1% DMSO
by i.p., and 3 mice were sacrificed at each time point: 0, 15, and
30 minutes, and 1, 2, 4, 6, 8, and 24 hours after drug administra-
tion to collect blood samples. The compounds in plasma samples
were then analyzed by a validated LC-MS/MS method. For
detailed methods, see Supplementary Methods.

Toxicity of KS18 to female athymic nude mice

Animal studies were conducted in accordance with the guide-
lines approved by the Institutional Animal Care and Use Com-
mittees at the Penn State University College of Medicine. Female
athymic nude (NCI Athymic NCr-nu/nu #01B74) mice were
obtained from Jackson Laboratories. Four 6 weeks old mice were
injected with KS18 dissolved in PTD solvent®® with <3%
DMSO i.p. or orally with oral gavage to determine the maximum
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tolerated dose (MTD), defined as the maximum dose of KS18
that the animals received without causing mortality or greater
than 10% loss in body weight, as well as the median lethal dose
(LDsyg), defined as the dose for which 50% of treated animals
were moribund.

HL60/ABTR xenograft tumor model in female athymic
nude mice

A total of 60 female athymic nude mice were subcutaneously
transplanted with 5 x 10° of HL60/ABTR cells in 200 L PBS
with 50% Matrigel (BD Biosciences) on either or both flanks at
6 weeks of age. Tumor volumes were measured by electronic cali-
per and calculated with the following formula:

length x width?
2

volume =

Xenografted mice bearing tumors at ~150 mm’ were randomly
assigned to the following treatment groups: vehicle control
(100 uL PTD); ABT-737 (20 mg/kg body weight); KS18
(10 mg/kg); and ABT-737 (20 mg/kg) + KS18 (10 mg/kg).
ABT-737 and KS18 were formulated in PTD solvent with <3%
DMSO and administered i.p. daily to animals for up to 17 con-
secutive days. Tumor volumes and body weights were monitored
every 2 d until 14 d following after initial tumor staging. A total
of 83 xenografted tumors were analyzed (n = 29, 10, 27, 17 cor-
responding to the control, ABT-737, KS18 and ABT-737 +
KS18, respectively). Animals bearing tumors larger than
1500 mm? or over 20 mm in diameter were immediately eutha-
nized. 17 days following initial tumor staging, 5 mice treated
with ABT-737 + KS18 were subjected to histopathological
examination of major organs including the brain, heart, lung,
liver, kidneys, and spleen.

Statistical analysis

All statistical analyses were performed using GraphPad Prism
version 5.00 for Windows (GraphPad Software, San Diego Cali-
fornia USA, www.graphpad.com). ECs calculations for viability
were calculated through non-linear regression with normalized
data assuming variable slope. Synergy was calculated by the Com-
puSyn software (ComboSyn Inc., Paramus, NJ).
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