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Abstract

Developing effective treatments for colorectal cancers through combinations of small-molecule
approaches and immunotherapies present intriguing possibilities for managing these otherwise
intractable cancers. During a broad-based, screening effort against multiple colorectal cancer cell
lines, we identified indole-substituted quinolines (1SQs), such as A7, V/-dimethyl-3-(1-methyl-14-
indol-3-yl)quinoline-2,7-diamine (1SQ-1), as potent /n vitro inhibitors of several cancer cell lines.
We found that 1SQ-1 inhibited Wnt signaling, a main driver in the pathway governing colorectal
cancer development, and 1SQ-1 also activated adenosine monophosphate kinase (AMPK), a
cellular energy-homeostasis master regulator. We explored the effect of 1SQs on cell metabolism.
Seahorse assays measuring oxygen consumption rate (OCR) indicated that ISQ-1 inhibited
complex I (7.e., NADH ubiquinone oxidoreductase) in the mitochondrial, electron transport chain
(ETC). In addition, 1SQ-1 treatment showed remarkable synergistic depletion of oncogenic c-Myc
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protein level /in vitroand induced strong tumor remission /n vivo when administered together with
B12536, a polo-like kinase-1 (PIk1) inhibitor. These studies point toward the potential value of
dual drug therapies targeting the ETC and Plk-1 for the treatment of c-Myc-driven cancers.

Introduction

Metabolic reprograming in tumors generates anabolic intermediates for the biosynthesis

of lipids, carbohydrates, and nucleic acids that are necessary to promote tumor growth,

and this reprogramming includes the well-known Warburg effect in which cancer cells
up-regulate glycolysis. This glycolytic up-regulation is not, however, a consequence of

the down-regulation of oxidative phosphorylation in cancer cells (1) that maintain their
capacity to produce ATP through mitochondrial, oxidative phosphorylation (2-4). In

fact, emerging evidence suggests that activation of oncogenes and inactivation of tumor
suppressors promote mitochondrial biogenesis that drives tumorigenesis and maintains
viable populations of cancer stem cells (5). Additional studies point to the up-regulation

of genes in the oxidative phosphorylation pathway as an important part of the resistance
mechanisms against therapeutic, antineoplastic agents (6-8). In a study that compared
sixteen normal cell lines and thirty-one cancer cell lines, the average percentage contribution
of oxidative phosphorylation to ATP production was well-matched: 83% for cancer cells
and 80% for normal cells (9). In addition, 63% of rectal adenocarcinomas and 53% of
colon adenocarcinomas harbor tumor-specific, nonsynonymous mutations in mitochondrial
DNA (mtDNA) that encodes protein subunits of electron transport complexes | to V (10,11).
Cancer cell lines with mtDNA-encoded mutations in complex | subunits were up to twenty-
fold more sensitive to complex I inhibitors, such as metformin and phenformin, than the
sensitivity of non-mutated complex I in normal cell lines (12). These linked observations
that cancer cells retain functional oxidative phosphorylation machinery while driving
metabolic reprogramming elsewhere suggest that the specific, simultaneous disruption of
both pathways was a valid strategy for the development of colorectal cancer therapeutics.

The oncogenic transcriptional factors MY C proteins (c-Myc, n-Myc, I-Myc) are estimated

to contribute to about 70% of all human cancers (13-15). Up-regulated MY C proteins,
including c-Myc, drive tumorigenesis by promoting gene transcription, cellular metabolism,
and cell proliferation (16-18). More than 90% of colorectal cancers are driven by an
aberrant Wnt-p-catenin signaling pathway that upregulates Wnt-target genes including MYC
(19). Pioneering studies that showed transient inactivation of MYC led to prolonged tumor
remission in a conditional MY C-induced, transgenic, mouse tumor model (20). Systemic
Myc inhibition in a Ras-induced lung cancer mouse model resulted in rapid tumor regression
and reversible side-effects on normal regenerating tissues (21), a finding that demonstrated
that MYC was a desirable therapeutic target in MY C-driven cancers. Although Myc was
initially deemed as “undruggable” because it was an intrinsically disordered protein and
lacked targetable, drug-binding pockets (22), direct and indirect pharmacological inhibitors
of MY C emerged from studies with /n vitro potencies in the micromolar concentration range
(13,15,23,24). New agents and combination therapies with improved potency against MYC
remain as an elusive but much needed therapy against colorectal cancers.
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Our prior work revealed that a selective group of mitochondrial proton uncouplers that
activated 5’ adenosine monophosphate-activated protein kinase (AMPK), inhibited Wnt
signaling, and reduced expression of Wnt signaling target genes including MYC (25).
Metformin, best known as a low-potency ETC complex I inhibitor, reduced c-Myc /n
vitroand /n vivoin certain prostate cancers (26). Phosphorylation of serine-62 in c-Myc
by ERK or CDK kinases enhanced c-Myc stability, but the phosphorylation of c-Myc
threonine-58 by GSK3p triggered serine-62 dephosphorylation by protein phosphatase 2A
(PP2A), ubiquitination by the SCF-Fbw7 E3 ligase, and proteasomal destruction (13,27).
Polo kinase-1 (Plk1) also effected the phosphorylation of c-Myc at serine-62 that in turn
enhanced c-Myc stability in colorectal and breast cancers (28). PIk1 inhibitors, including
B12536 and volasertib, that is now in clinical trials (29), suppressed this undesired, growth-
promoting c-Myc stabilization. These findings prompted our exploration of synergistic
effects of reducing c-Myc stabilization in colorectal cancer through a combination of our
newly identified ETC complex | and polo kinase-1 inhibitors.

Materials and Methods

Chemistry

Biology

General Methods.—Solvents and chemicals were used from commercial vendors

without further purification unless otherwise noted. A published procedure (30) for the
synthesis of substituted quinolines was used for the synthesis of 1ISQs. The synthesis of
indole-substituted quinolines (I1SQs) utilized 4-(N, MV-dialkylamino-2-aminobenzaldehydes
prepared by sequential nucleophilic aromatic substitution reactions of 4-fluoro-2-
nitrobenzaldehyde with secondary amines and the subsequent reduction of the intermediate
4-dialkylamino-2-nitrobenzaldehydes with iron powder. A Friedlander condensation of these
4-(N, M-dialkylamino-2-aminobenzaldehydes with 2-(1-methyl-1A-indol-3-yl)acetonitrile, as
described previously (30), secured the desired 1SQs (Fig. 1A).

Nuclear magnetic resonance spectra were determined in dimethyl sulfoxide-dg (DMSO-dg)
using Varian instruments (1H, 400; 13C, 100Mz). High resolution electrospray ionization
(ESI) mass spectra were recorded using a LTQ-Orbitrap Velos mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA). The FT resolution was set at 100,000 (at 400 71/2).
Samples were introduced through direct infusion using a syringe pump with a flow rate of
5 uL/min. Melting points were determined in open capillarity tubes with a Buchi B-535
apparatus and are uncorrected. Purity was established by combustion analyses performed
by Atlantic Microlabs, Inc. (Norcross, GA). Detailed methods for chemical synthesis were
included in the Supplementary Materials.

Materials.

Antibodies. Axin2 (#2151, Cell signaling technology), c-Myc (#1472-1, Epitomics), B-
actin (#A1978, Sigma), pACC (#11818, Cell signaling technology), Total ACC (#3676,
Cell signaling technology), pAMPK (#2535, Cell signaling technology), Total AMPK
(#2532, Cell signaling technology), GAPDH (#GTX627408, GeneTex), PIk1 (#sc-17783,
Santa Cruz), cyclinD1 (#2978, Cell signaling technology), cyclinB1 (#4135, Cell signaling
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technology), p-Akt (#9272, Cell signaling technology), Total-Akt (#1081-1, Epitomics),
p-P70S6K (#9234, Cell signaling technology), Total-P70S6K (#2708, Cell signaling
technology), p-4E-BP1 (#2855, Cell signaling technology), Total-4E-BP1 (#GTX109162,
GeneTex), p-CDC2 (#9111, Cell signaling technology), Total-CDC2 (#GTX108120,
GeneTex). Compounds: GSK461364 was purchased from Cayman Chemical (Ann Arbor,
MI, USA). BI2536 was from Achemblock (Burlingame, CA). DAPI and P1 were from
ThermoFisher (Waltham, MA).

Cell lines and cell culture—LS174T cell line (LS174T-TR4) is a gift from Professor
Hans Clevers and Marc van de Wetering. LS174T-TR4 cells were selected with resistance

to blasticidin (31). PC3 and Beas-2B cells are obtained from Professor Vivek Rangnekar

and have been authenticated for previous publications (32). SK-LMS-1 and HepG2 cells
were purchased from American Type Culture Collection (ATCC) in 2019. Mycoplasma
testing was performed using a sensitive PCR-based mycoplasma detection kit covering

more than 200 species/strains of mycoplasmas (Biovision, K1476-100), and no mycoplasma
contamination was found in the cell lines used in this work. All cells were cultured in

the media recommended by ATCC at 37 °C with 5% CO, atmosphere in a water jacketed
incubator (NuAire, Plymouth, MN).

Western blotting—Western blotting were performed according to previous procedures
(25). Cells were split into 12-well plates. After 24 hours, compounds at indicated final
concentrations were added to each well for another 24 hours unless otherwise noted. DMSO
was used as a control. Cells were lysed in the appropriate volume of lysis buffer: 50 mM
HEPES, 100 mM NaCl, 2 mM EDTA, 1% (v/v) glycerol, 50 mM NaF, 1 mM Na3zVOy,, 1%
(v/v) Triton X-100, with protease inhibitors. Cell lysates were centrifuged, and supernatants
were mixed with 6x protein loading buffer and boiled. The obtained samples were analyzed
with standard western blotting methods with indicated antibodies.

Cell proliferation inhibition assay—Cell proliferation inhibition assays were done
following a previous report (33). Cancer cells were seeded into 24-well plates at a density
of 20,000 cells per well in 1 mL of culture medium and were cultured overnight at 37 °C.
Compounds and the vehicle control (DMSQO) were added to the cells. After 5 days, the
medium was removed, and 100 L of trypsin was added. The cells were re-suspended in
phosphate-buffered saline (PBS) and were counted by Vi-CELL XR 2.03 (Beckman Coulter,
Inc. USA). The ratio R of the number of viable cells in the compound treatment group to
the number of viable cells in DMSO treatment group was taken as relative growth, and the
percentage growth inhibition was calculated as (1-R) * 100.

Reporter assay—Wnt reporter assay was described previously (25). We subcloned Super
8XTOPFlash (provided by Professor Randall Moon, University of Washington) into the
pGL4.83 [hRIucP/Puro] Vector and transfected it into HEK293T cells. A stable HEK293T
cell line containing the TOPFlash reporter was established using puromycin selection (25).
To assess if compounds of interest blocked the downstream signaling transduction pathway
of B-catenin, the stable reporter cells were seeded to a 12-well plate and treated with 25
mM LiCl to stabilize p-catenin for 16 hours to activate Wnt signaling and then candidate
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compounds at predetermined concentrations for another 24 hours. The cells were lysed and
centrifuged to obtain supernatants which were analyzed by FB 12 Single Tube Luminometer
by Titertek-Berthold (Berthold Detection Systems GmbH, Elsésserstr, Germany).

Seahorse assay—Seahorse assays were carried out following a published procedure (25).
Briefly, 2.5 x 10% cells in 80 L of medium were seeded in XF96 Cell Culture microplate
for all experiments. On the next day, cell culture media were replaced with Seahorse XF
modified media. Cells were treated with 1 uM of oligomycin A, 1.0 uM FCCP and mixture
of 1.0 uM of rotenone and 1.0 pM of antimycin A in standard mitochondrial stress test
conditions. To determine the uncoupler effects, FCCP was replaced with an equal volume
of DMSO, or a compound to be tested in DMSO solution. To test whether compounds
inhibited ETC complex V, oligomycin was replaced with an equal volume of DMSO, or
compounds in DMSO solution. To assess if compounds inhibited ETC complex | or 111,
rotenone and antimycin A were replaced with an equal volume of DMSO, or compounds in
DMSO solution.

Mitochondrial ETC complex activity measurements using PMP—Mitochondrial
ETC complex activity measurements were taken using the Agilent Seahorse Assay with XF
PMP (Agilent, Santa Clara, CA) following manufacturer’s instructions. Adherent monolayer
cells were gently washed with mitochondrial assay solution (MAS) (220 mM mannitol, 70
mM sucrose, 10 mM KH,PQOy4, 5 mM MgCl,, 2 mM HEPES, 1 mM EGTA, and 0.2%
(w/v) fatty acid free BSA) and cell growth media was replaced with MAS supplemented
with 4mM adenosine diphosphate (ADP), 10 mM pyruvate, and 1 nM PMP. Following
calibration, the assay was immediately performed by measuring baseline with two cycles
of 0.5 min mixing, 0.5 min waiting, and 2 min measuring. After baseline measurements,
sequential injections of DMSO, compounds of interest or 2 UM rotenone, 10 mM succinate,
2 UM antimycin A, and a combination of 10 mM ascorbate and 100 uM TMPD were also
performed with each followed by two cycles of 0.5 min mixing, 0.5 min waiting, and 2 min
measuring. Data were then normalized to cell counts using the Biotek Cytation 1 (BioTek
Instruments, Winooski, VT, USA).

Calculation of synergy scores of ISQ-1 and BI12536—Cell proliferation inhibition
assays described above were carried out using LS174T cells to evaluate the inhibitory effects
of 1SQ-1 with or without B12536 at predetermined concentrations. The final treatment
concentrations of 1SQ-1 were 0 nM, 50 nM, 100 nM, 200 nM, 300 nM, and 400 nM

in the presence or absence of BI2536 at 0 nM, 1 nM, 1.5 nM, 3nM, 4.5 nM and 6

nM. Synergy scores were calculated using SynergyFinder web application (Version 2.0) at
default parameters with Bliss as the reference model (34).

Cell cycle analysis by flow cytometry—Cell cycle analysis by flow cytometry was
done following a previous report (33). Briefly, a million of LS174T cells were placed in
6-cm dishes and cultured at 37°C for 24 hours. DMSO or compounds in DMSO were added
to the cells and incubated for additional 24 hours. The cells were trypsinized, washed with
ice cold PBS twice, and resuspended in 500 pL of PBS. This cell suspension was added

to 5 mL of 70% ethanol dropwise in a 15 mL tube that was placed on vortex and kept at
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—20 °C overnight. The cells were further washed with PBS and 2 puL of 50 mg/ml RNase
(final 0.2 mg/ml) and 2.5 uL of 4 mg/mL PI (final 20 ug/mL) were added. The mixture was
incubated at dark for 45 min and filtered through 35 pm nylon mesh for analysis by the Flow
Cytometry and Cell Sorting Shared Resource Facility of the University of Kentucky Markey
Cancer Center.

Colon Cancer Organoids—The colon cancer organoids were isolated from Apcf*/
Kras-SL-G12D/vjllin-Cre mouse model (35). Using 48-well drug screening to assess how
compounds affected organoid colony formation, the Matrigel containing organoids was
digested by 300 pL dispase. The gel was removed by 1,000 x 5 min spinning. The organoids
were digested into single cells by 1 mL Trypsin and washed with 10 mL of ADF12.

For each well, 80 pL of Matrigel was added to the bottom and 1000 cells in 60 pL

Matrigel were added to the top. The cells were cultured in 250 pL of 3D complete medium
(Advanced DMEM/F12 supplemented with 1 x N-2, 1 x B-27, 1 mM N-acetylcysteine and
1% penicillin/streptomycin). The cells were treated with DMSO or testing compounds and
total number of organoids with diameter greater than 50 um were analyzed and manually
counted using microscope.

To evaluate whether compounds inhibited organoid growth, above procedures were followed
and 10,000 single cells/ per well were plated in 24-well plate. After 3 days when organoids
formed, fresh culture media were supplied, and compounds were added for additional

3 days. Organoid viability was measured using CellTiter-Glo® 3D Cell Viability Assay
(Promega) following manufacturer’s protocol.

In vivo evaluation of antineoplastic activity and gross toxicity in LS174T
xenografts—Mouse studies were carried out with approval from the Institutional Animal
Care and Use Committee of the University of Kentucky (2020-3531). All methods

were performed in accordance with the relevant guidelines and regulations according to
protocols. LS174T cells suspended in 50% Matrigel (Corning, Glendale, Arizona) were
subcutaneously injected in the lower flanks of severe combined immunodeficient mice (12
male mice and 8 female mice) at a density of 1 x 10° cells in 100 pL of 50% Matrigel. After
tumors were established, mice were randomized according to tumor volume and divided into
groups for treatments (five mice in each group, two tumors on each mouse).

The /n vivo evaluation of 1SQ-1 and BI2536 followed the approved protocol. After tumors
were established, 1SQ-1 was formulated in a mixture of Tween-80 (5%), DMSO (10%),
PEG400 (25%) and PBS (60%) and was intraperitoneally administered to the I1SQ-1 group
at a daily dose of 20 mg/kg mouse body weight. The first day of treatment was set as day

0. Atdays 0, 4, and 7, BI2536 dissolved in 0.1 N HCI and then diluted 5-fold using 0.9%
NaCl was given via gavage to the B12536 group. Mice in combination therapy group were
treated with both 1SQ-1 and B12536 following aforementioned dosing schedules. At day 11
treatment was ceased and mice were sacrificed. Tumors and mouse weights were measured,
and tumor volumes were calculated as Length x width?/2.

Statistics—Major biological assays were performed at least twice. Data were shown as
mean £ SEM. For the mice study, five mice with two tumors on the lower flanks of each
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mouse were used in each treatment group. Sizes of the two tumors from each mouse were
averaged, standardized by the tumor size on day 0, and log-transformed. ANOVA with
Tukey’s HSD test was used to compare the tumor size at the end of the study (day 11)
between the combination therapy of 1ISQ-1 and BI2536 and each single compound as well
as the control. The equal variance assumption of ANOVA was assessed by Bartlett’s test.
All statistical studies were overseen in collaboration with a statistician in the University of
Kentucky’s Markey Cancer Center.

Deregulated Whnt signaling is the main driver of colorectal cancer initiation and progression.
Our long-standing efforts to develop drug candidates for the treatment of colorectal cancers
(30,33,36-38) focused on the Wnt pathway and led to a family of aryl-substituted quinolines
called “arylquins”. Using a combination of a Wnt reporter assay and an AMPK activation
assay, we identified indole-substituted quinolines (1SQs) bearing C-3 A-methylindole
groups, such as A/, N”-dimethyl-3-(1-methyl-1/-indol-3-yl)quinoline-2,7-diamine (1SQ-1)
(Fig. 1A), that inhibited /n vitro cell growth of colon cancer LS174T, prostate cancer PC-3,
sarcoma SK-LMS-1 and liver cancer HepG2 cell lines at nanomolar concentrations (Fig.
1B). We found that 1ISQ-1 also inhibited Wnt signaling target genes including c-Myc and
axin2 and activated AMPK in a dose-dependent manner (Figs. 1C-1E). The synthesis and
structural characterization of I1SQs are described in Materials and Methods section.

A study of structure-activity relationships (SAR) using cell proliferation assays as a

readout quickly revealed the importance of the N, A~dialkylamino group at C-7 in the 1ISQ
pharmacophore (Z.é., R in Fig. S1), an amino group at C-2 and an A~methyl-3-indolyl

group at C-3. The substitution of other aryl or heteroaryl groups for the A-methyl-3-indolyl
group in 1SQs were unrewarding in terms of identifying inhibitors with 1Csq values less
than 100 nM. Variations, however, at the C-7 position in the 1SQs produced a series of
important inhibitors. Initial studies of the percentage inhibition of LS174T cell proliferation
at 500 nM, as shown in Table S1, indicated that 1ISQs bearing a simple A, N-dimethylamino
group at C-7 (/.e., ISQ-1) were more active than those bearing N-piperidinyl (Z.e., 1ISQ-2),
N-alkylpiperazinyl (i.e., 1ISQ-3, 4 and 5) or A-phenylpiperazinyl groups (/.e., ISQ-6). In
contrast, however, 1SQs bearing additional oxygen or nitrogen atoms in N-alkylpiperazinyl
groups, as in the A-cyano, A-hydroxymethyl or A-methoxymethylpiperazinyl analogs
(1ISQ-7, 8 and 9, respectively) or an additional nitrogen atom in the A-arylpiperazinyl group,
as in N-(4-pyridyl)piperazinyl analog (1SQ-10) possessed inhibitory activity comparable to
the N, N-dimethylamino group in ISQ-1 at 500 nM. Dose response studies for these 1SQs

as inhibitors in these cell proliferation assays revealed that the most promising of these 1SQ
inhibitors with 1Cgq values in the 100 nM range were those in which the piperazinyl group at
C-3 possessed heteroatom-substituted groups (%.e., 1ISQ-7, 8, 9 and 10).

Our previous work revealed that certain mitochondrial proton uncouplers that activated
AMPK also inhibited Wnt signaling by disrupting energy supply for signaling
transduction (25). The dual effects of 1SQs on Wnt signaling and AMPK activation
prompted an investigation of the effects of 1SQs on oxidative phosphorylation

using Agilent Seahorse assays. We initially compared known uncoupler N-(4-
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(trifluoromethoxy)phenyl)carbonohydrazonoyl dicyanide (FCCP) with ISQ-1 in dimethyl
sulfoxide (DMSO) or the vehicle alone in a standard Seahorse assay. Unlike known
mitochondrial proton uncouplers such as FCCP that activated AMPK (25), ISQ-1 failed
to rescue oligomycin-inhibited oxygen consumption rate (OCR) and thus was not a
mitochondrial proton uncoupler (Figs. 2A, S2).

We next determined if 1ISQ-1 inhibited protein complexes in the electron transport chain
(ETC). We compared the effects of oligomycin, a known mitochondrial complex V/ATP
synthase inhibitor, with 1SQ-1 in DMSO or with vehicle alone. As expected, oligomycin
suppressed ATP-linked respiration and decreased OCR followed by an increased OCR upon
the addition of FCCP that collapsed the inner membrane gradient and drove the ETC to
function to its maximal rate (Figs. 2B, S3). In contrast, in the presence of 1SQ-1, the
decreased OCR could not be “rescued” by the addition of FCCP (Figs. 2B, S3), an outcome
suggesting that 1SQ-1 did not inhibit mitochondrial complex V. We next replaced antimycin
A, a complex Il inhibitor, and rotenone, a complex I inhibitor with 1SQ-1 in DMSO or
vehicle alone in the Seahorse assay and found that 1SQ-1 suppressed OCR to an extent that
was similar to that of rotenone or antimycin (Figs. 2C, S4), implying that it inhibited either
complex I or complex Il of the ETC.

To reveal the precise mechanism by which 1SQ-1 affected mitochondria, we measured
substrate specific ETC/oxidative phosphorylation activity with or without the addition of
ISQ-1 or known ETC complex inhibitors using plasma membrane permeabilizer (PMP)-
treated cells (39). PMP is a bacterial recombinant cholesterol-dependent cytolysin that forms
pores on plasma membranes while sparing mitochondrial membranes (40). These pores on
plasma membranes facilitate the passage of solutes and small proteins and thereby allow
the control of ETC complex-specific substrate/inhibitor provision. Permeabilized cells were
given pyruvate, a complex I-linked substrate, followed by the addition of DMSO, and
either the complex | inhibitor, rotenone, or 1SQ-1. Surprisingly, we noted that ISQ-1 halted
pyruvate/NADH-linked respiration in a dose-dependent manner relative to DMSO alone
(Fig. 2D). This effect was mimicked by the complex I inhibitor, rotenone, to a similar
degree, and this outcome suggested that ISQ-1 was a complex I inhibitor. Next, succinate
was added to drive respiration from electrons that were fed directly into the ubiquinone
pool by succinate dehydrogenase (complex Il) that by-passed complex | inhibition. Both
rotenone-treated and 1SQ-1-treated permeabilized cells showed increased respiration (Fig.
2D), an outcome that ruled out the possibility that 1ISQ-1 inhibited complexes II, I1l, or

IV. As anticipated, the subsequent addition of complex 111 inhibitor, antimycin A, abolished
OCR but this abolition was “rescued” by the injection of a complex 111 electron donor,
N,N,N, N-tetramethyl-p-phenylenediamine (TMPD) (Fig. 2D), essentially by-passing the
blockade at complex 111 and delivering electrons directly to cytochrome ¢ oxidase (complex
IV). In summary, the Seahorse assay data using ETC complex-specific inhibitors and PMP-
permeabilized cells demonstrated that 1ISQ-1 inhibited complex I, disrupted mitochondrial
function, activated AMPK, and inhibited Wnt signaling. Similar results were obtained for
ISQ-7, a more potent analog of 1SQ-1 (Fig. S1, Table S1). Seahorse assays showed that
ISQ-7 inhibited complex I or 111 (Figs. S4, S5A) and mitochondrial ETC complex activity
measurements on permeabilized cells by PMP further revealed that 1SQ-7 inhibited complex
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| (Fig. S5B). In a fashion similar to 1SQ-1, I1SQ-7 strongly inhibited Wnt target genes,
AXxin-2 and c-Myc (Fig. S5C) and activated AMPK (Fig. S5D) in a dose-dependent manner.

To understand the mechanisms of 1SQs and to identify other drugs with potential lethal
effects in combination with 1SQs, we analyzed the effects on I1SQs on several cell

signaling pathways (Fig. 3A). Perhaps not unexpectedly, these compounds inhibited the
expression and activation of Wnt and mTOR signaling and affected cell cycle progression,
consistent with their function as mitochondrial complex I inhibitors that altered ATP levels.
Surprisingly, however, we found that a key cell cycle regulator, PIk1, was upregulated

by ISQs (Fig. 3A). Plk1, a well-known oncoprotein, is highly overexpressed in human
colorectal tumors compared with adjacent normal tissues (28). Plk1 is required for cell
cycle progression and its expression is associated with drug resistance. More importantly,
PIk1 promoted the phosphorylation of c-Myc at serine-62 that enhanced c-Myc stability

in colorectal cancer and breast cancer (28), and PIk1 inhibitor B12536 suppressed this
oncogenic c-Myc stabilization. Because 1SQs reduced c-Myc levels through inhibiting
Whnt signaling, we explored whether 1SQs possessed synergistic effects with BI2536 with
respect to c-Myc levels. Co-treatment of LS174T cells with the combination of either
ISQ-1 or ISQ-7 and with B12536 for 24 hours led to synergistic reduction of c-Myc levels
compared with the effects of either ISQ-1 or ISQ-7 when used alone (Fig. 3B). To validate
these results, we repeated this experiment with another well-characterized PIk1 inhibitor,
GSK461364, that has been approved for clinical trials. Similar to BI2536, GSK461364
synergized with 1ISQ-1 or 1ISQ-7 on c-Myc inhibition (Fig. 3C). Similar results were obtained
in prostate cancer PC3 cells (Fig. 3D). We also analyzed the effects of ISQ-1 and BI2536
on cell cycle of LS174T colorectal cancer cells. The combination of these two compounds
synergistically inhibited the G2/M transition (Fig. 4A). To confirm that the relationship
between ISQ-1 and BI2536 was synergistic rather than additive, we calculated synergy
scores using SynergyFinder web application (Version 2.0) at default parameters with Bliss
as the reference model (34). We found that the average synergy score was > 10 and at
certain concentrations (1SQ-1 100-300 nM and BI12536 1.5-4.5 nM) the corresponding
synergy score was > 15 (Fig. 4B), indicating that 1SQ-1 indeed synergized with B12536 (34).
Collectively, these data provided a rationale for further evaluation of 1SQs in combination
with Plk1 inhibitors.

Although 1SQ-1 was less potent than I1SQ-7 in vitro, its solubility was better than that of
ISQ-7. We evaluated 1SQ-1 using a more pathologically relevant, 3D-tumor organoid model
established from Apc/*/ Krast-SL-G12D)\/jil-Cre compound mutant mouse (35,41). 1SQ-1
inhibited tumor organoid formation from single cells (Figs. 5A, 5B) and inhibited organoid
growth in a dose-dependent manner (Fig. 5C), a finding that prompted us to explore the

in vivo therapeutic efficiencies of 1ISQ-1 and its combination with a PIk-1 inhibitor. A

colon cancer xenograft model established from LS174T cells in nude mice was used to
assess the /n7 vivo tumor inhibitory potential of the ISQ-1 and PIk1 inhibitor B12536. Daily
dosing of 1SQ-1 at 20 mg/kg body weight daily or B12536 at 30 mg/kg body weight twice

a week inhibited tumor growth but did not induce tumor regression (Figs. 6A, 6B). The
combination therapy of 1SQ-1 and BI2536 resulted in significant tumor remission (Figs. 6A,
6B) relative to either compound used alone. No gross toxicities were observed on the basis
of mouse weight measurements (Fig. 6C). Tumor sections were analyzed with H&E and
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Ki-67 staining (Figs. 6D, 6E). The tumors displayed poorly differentiated carcinomas with
pleomorphism and brisk mitotic activity. The tumors treated with a combination of 1SQ-1
and BI12536 were more pleomorphic (7.e., large nuclei, prominent nucleoli, considerable
variation in nuclear size, etc.) than that those treated with individual compounds (Fig. 6E).
The combination treatment with 1SQ-1 and B12536 was more effective in inhibiting tumor
proliferation (Fig. 6E) than either agent alone.

Discussion

Building on our long-standing efforts to identify and develop potential drug candidates for
cancer treatment (25,30,33,36-38,42,43), we discovered Wnt signaling inhibitors featuring
an indole-substituted, quinoline scaffold called 1SQs. A representative compound, namely
ISQ-1 (Fig. 1A), possessed nanomolar potencies towards inhibiting Wnt signaling and

cell proliferation in multiple tumor cell lines. A series of Agilent Seahorse assays

and mitochondrial ETC complex activity measurements using PMP-permeabilized cells
revealed that 1SQ-1 and ISQ-7 were not mitochondrial proton uncouplers but rather
mitochondrial ETC complex I inhibitors. Mechanistically, ISQs inhibited mitochondrial
complex |, disrupted mitochondrial respiration function, reduced energy supply for signaling
transduction, and thus inhibited aberrantly active Wnt-p-catenin signaling that contributed
to cell proliferation in more than 90% of colorectal cancers. Recent studies indicated

that a majority of tumor cells, particularly cancer stem cells, depended on oxidative
phosphorylation for ATP production (2-4). In comparison with normal cells, colorectal
cancers often harbor tumor-specific, nonsynonymous mutations or copy-number alterations
in mitochondrial DNA (mtDNA) that render them more sensitive to less potent complex

I inhibitors (10-12) and that also confer 1SQs selectivity toward colorectal cancer cells
over healthy cells. Although 1SQ-1 also inhibited mitochondrial oxidative phosphorylation
in normal epithelial cells (Beas-2B) (Figs. S2-S4), it was less active in activating AMPK
signaling in normal cells (Fig. S6) than it was in cancer cells (Fig. 1E), an observation that
confirmed selectivity of 1SQs for cancer cells over normal cells.

A growing body of evidence connects mitochondrial oxidative phosphorylation with drug
resistance in multiple cancer types. A subset of diffuse, large B cell lymphoma cells escaped
from inhibition of B cell receptor (BCR) survival signals and persisted because of enhanced
mitochondrial function (44). Increased mitochondrial metabolism through Pgcla/c-Myc-
mediated transcriptional regulation pathways also played a role in exacerbated growth

and chemotherapy resistance in melanoma and in triple-negative breast cancer (45,46).
Mutations in the subunit gene, Smarca4, of the SWI/SNF chromatin remodeling complex
led to dependence of Smarca4-deficient lung tumors on elevated oxidative phosphorylation
(47,48). Kinase inhibitors, such the EGFR inhibitor, gefitinib, and the BRAF V600E
inhibitor, vemurafenib, induced enhanced mitochondrial metabolism and drug resistance
(49-51). These drug-resistance cases highlight the potential use of 1SQs for targeting
oxidative phosphorylation as a therapeutic opportunity in multiple well-defined refractory
cancers and provides an approach for overcoming certain types of drug resistance.

MYC, a master regulator of cell cycle and proliferative glycolysis, is a well-established
Whnt signaling target gene, and the encoded MY C proteins present formidable challenges
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for pharmacological targeting (16,22). We found that 1SQs decreased c-Myc protein levels
in colon cancer cell line LS174T. This c-Myc reduction was accompanied by unexpected
increase of PIk1 (Fig. 3A), another positive cell cycle regulator (52). In neural cancers,
PIk1 indirectly increased n-Myc by phosphorylating SCF-Fbw7 E3 ubiquitin ligase and
inducing its proteasomal degradation that counteracted SCF-Fbw7-mediated degradation of
n-Myec (53). In colorectal cancer and breast cancer, PIk1 promoted the phosphorylation of
c-Myc at serine-62 that enhanced c-Myc stability (28). ISQ-1 treatment reduced c-Myc in
LS174T cells, and this effect was blocked by proteasome inhibitor MG132 and enhanced
by protein translation inhibitor cycloheximide (CHX) (Fig. S7), outcomes that suggested
that 1SQ-1 regulated c-Myc at multiple levels. We observed that ISQ-1 induced both Plk-1
and cyclin B1 in colon cancer cells (Fig. 3A). Cooperation of PlIk1 and Cyclin B1 plays an
essential role in G2/M transition (54) that may lead to resistance to 1SQs treatment. Based
on these data, we developed a combination therapy of 1SQs and Plk1 inhibitor B12536 which
achieved remarkable synergistic reduction of c-MYC expression and cell cycle progression
in vitro and tumor remission /n vivo.

Although BI12536 proved to be safe in phase I clinical trials, it displayed only limited
antitumor activity in Phase Il clinical trials(55). I1SQ-1 significantly enhanced the efficacies
of B12536 both in vitro (Fig. 4) and /in vivo (Fig. 6) and suggested that 1SQs and Plk1
inhibitors could provide effective combinational therapies. In this study, we focused on c-
Myc regulation by 1SQs and PIk1 inhibitors. However, these inhibitors may have synergistic
effects on other cancer targets as well. In addition, ISQs may also enhance the efficacy of
the other therapeutic agents. For example, cancer immunotherapy has revolutionized cancer
treatment and a small portion of patients show complete tumor remission after immune
checkpoint blockade therapies. MYC has been shown to regulate immune checkpoint
molecule PD-L1 (56) and cooperates with Ras to induce an immune suppressive tumor
microenvironment to drive tumorigenesis (57). Recently, a small molecule MY C inhibitor,
called MYCi361, induced immunogenic cell death (ICD), modulated antitumor tumor
immune microenvironment, and synergized with immune checkpoint blockade therapy (58).
We envision that our newly identified 1SQs in combination with PIk1 inhibition would not
only support an effective combination approach of pharmacological targeting c-Myc driven
cancers but also highlight the potential of synergizing with immune checkpoint blockade
therapies to eradicate refractory “MY C-addicted” cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. I dentification of indole-substituted quinolines as Wnt inhibitorsand AMPK activators.
A. Structure of 1SQ-1. B. 1ISQ-1 inhibited proliferation of colon cancer cell line LS174T,

prostate cancer cell line PC-3, sarcoma cell line SK-LMS-1 and liver cancer cell line HepG2
at nanomolar concentrations. Cells were treated with ISQ-1 at indicated concentrations for

5 days and counted. C and D. 1SQ-1 inhibited TOPFlash Wnt reporter and Wnt signaling
target genes c-Myc and axin2. Cells stably expressing TOPFlash Wnt reporter were treated
for 24 hours and luciferase luminescence was analyzed (C). E. ISQ-1 activated AMPK and
increased AMPK substrate ACC phosphorylation in LS174T cells.
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Figure 2. 1SQ-1 inhibited mitochondrial ETC (electron transport chain) complex | in LS174T
cells.

A. Seahorse assay. A classic uncoupler FCCP was replaced with 1SQ-1 or DMSO. 1SQ-1,
unlike FCCP, failed to increase OCR and was not an uncoupler. B. Seahorse assay. ETC
complex V (ATPase) inhibitor oligomycin was replaced with 1SQ-1 or DMSO. OCR could
not be rescued by the addition of FCCP in ISQ-1 treatment compared with oligomycin
treatment, indicating that 1SQ-1 did not inhibit ETC complex V. C. Seahorse assay.

ETC complex complexes /111 inhibitors rotenone/antimycin were replaced with 1SQ-1

or DMSO. 1SQ-1 showed similar inhibitory effects on OCR compared with rotenone/
antimycin, suggesting that 1SQ-1 inhibited ETC complex | or I11. D. Mitochondrial ETC
complex activity measurements using PMP-permeabilized cells. PMP selectively disrupted
cell membrane but left mitochondrial membrane intact. 1SQ-1 inhibited OCR to a similar
extent with rotenone, a complex | inhibitor. This inhibition was bypassed by adding the
complex Il substrate succinate, showing that 1SQ-1 inhibited ETC complex I.
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Figure 3. Combinational effects of | SQs and PIk1 inhibitorson c-Myc expression after 24 hours

treatment.

A. Effects of ISQ-1 and ISQ-7 on cell signaling pathways in LS174T colon cells. A key
cell cycle regulator PIk1 was induced upon drug treatment. B. Combination of 1SQ-1 or
1SQ-7 with PIKk1 inhibitor BI2536 resulted in enhanced depletion of c-Myc in LS174T cells.
C. Combination of 1SQ-1 or ISQ-7 with PIk1 inhibitor GSK461364 resulted in enhanced
depletion of c-Myc in LS174T cells. D. Combination of 1SQ-1 with PIk1 inhibitor BI2536
resulted in enhanced depletion of c-Myc in prostate cancer PC3 cells.
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Figure 4. Synergistic effects of 1 SQ-1 and BI 2536 on colon cancer cell proliferation.
A. 1SQ-1 and BI2536 collectively inhibited cell cycle progression of LS174T colon

cancer cells after 24 hours treatment. B. 1SQ-1 and B12536 synergistically inhibited the
proliferation of LS174T cells. Synergy scores were determined using SynergyFinder with
Bliss as a reference model.
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Figure5. 1SQ-1 inhibited mouse colon cancer organoids from Apc”*/KrasLSL'GlzD/ViIIin-Cre
mouse model.

A. Colony formation of colon cancer organoids from single cells after DMSO or 1SQ-1
treatment at day 7. Scale bar, 50 um. B. 1SQ-1 inhibited organoid colony formation. Total
number of organoids formed from single cells in the presence of DMSO or ISQ-1 at day 7
was quantified. C. 1SQ-1 inhibited organoid growth after 3-day treatment. ISQ-1 or DMSO
were added after organoids were formed from single cells. Organoid viability was measured
using CellTiter-Glo® 3D Cell Viability Assay (Promega).
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Figure 6. 1SQ-1 and the PIk1 inhibitor BI2536 synergistically inhibited colon cancer cell
xenogr aftsin vivo.

A and B. I1SQ-1 (20 mg/kg/day) and BI2536 (30 mg/kg twice a week) synergistically
induced regression of LS174T colon cancer cell xenografts in nude mice. ***P<

0.001, analysis of variance (ANOVA) followed by Tukey’s HSD test. C. Mouse weight
measurements following various treatments. D. H&E staining of tumors (a: control; b:
1SQ-1; c: BI12536; d: ISQ-1 + BI2536). E. 1SQ-1 and BI2536 collectively inhibited Ki-67
expression in LS174T xenografted tumors (a: control; b: 1SQ-1; c: BI2536; d: 1ISQ-1 +
B12536).
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