ACSMedicinal

hemistry Letters
pubs.acs.org/acsmedchemlett

Asymmetrically Substituted Quadruplex-Binding Naphthalene
Diimide Showing Potent Activity in Pancreatic Cancer Models

Ahmed A. Ahmed, Richard Angell, Sally Oxenford, Jenny Worthington, Nicole Williams, Naomi Barton,
Thomas G. Fowler, Daniel E. O’Flynn, Mihiro Sunose, Matthew McConville, Tam Vo, W. David Wilson,
Saadia A. Karim, Jennifer P. Morton, and Stephen Neidle*

Cite This: ACS Med. Chem. Lett. 2020, 11, 1634—-1644 I: I Read Online

ACCESS | [ihl Metrics & More | Article Recommendations ‘ @ Supporting Information

Tumour volume

Treatment day

ABSTRACT: Targeting of genomic quadruplexes is an approach to treating complex human cancers. We describe a series of tetra-
substituted naphthalene diimide (ND) derivatives with a phenyl substituent directly attached to the ND core. The lead compound
(SOP1812) has 10 times superior cellular and in vivo activity compared with previous ND compounds and nanomolar binding to
human quadruplexes. The pharmacological properties of SOP1812 indicate good bioavailability, which is consistent with the in vivo
activity in xenograft and genetic models for pancreatic cancer. Transcriptome analysis shows that it down-regulates several cancer
gene pathways, including Wnt/f-catenin signaling.
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Nucleic acid sequences containing repetitive guanine (G)- therapeutic strategy for cancer therapy,'’ " with the G4-
rich sequences can fold into higher order quadruplex binding compound generating anticancer activity. Most studies
arrangements (G4s), stabilized by the z—z stacking of with such compounds have targeted promoter G4s in cancer-
successive G-quartets.”” G4s can occur in genomic DNA and associated genes'””” to down-regulate transcription, for
RNA and are widely distributed in human and other genomes example, a G4 in the promoter sequence of the telomerase
and in all eukaryotic telomeric sequences. They are non- complex catalytic subunit hTERT.”

randomly distributed in the human genome,"”4 with over- The naphthalene diimide (ND) core has beenzze_xztgnsively
representation in the promoter regions of proliferation genes, explored for devising G4-binding compounds. X-ray

crystallography has revealed that the ND core stacks on the
exterior G-quartet of G4s,”*** in common with other categories
of G4-binding compounds. Substituted NDs bind with each side
chain situated in a G4 groove. Cationic charges on at least some
of the side-chain termini are important contributors to G4
affinity and biological activity.

notably cancer-related genes,”” and in 5’ and 3’ untranslated
regions.” They play a role in the genetic instability of cancer
cells,” can affect transcription, translation, or replication, and
may regulate these processes.””'* Estimates of the number of G4
sequences in the human genome from bioinformatics analyses
have varied from ca. 250 000> to ca. 700 000. An experimental
study'* has revealed that in the chromatin environment of an —
immortalized cell, there are ca. 10000 G4 structures. By Received: June 9, 2020 Mﬁgﬂ‘ﬂ?‘?lﬂe@@
contrast, in a noncancer cell, ca. 1500 were observed, supporting Accepted: July 16, 2020 B
the concept that G4s are cancer-selective targets. G4s in cells can Published: July 16, 2020
be visualized using G4-specific antibodies." '

The stabilization of G4 structures in cancer cells by a small
molecule can selectively inhibit cellular processes, suggesting a
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Figure 1. Structures of naphthalenediimide derivatives (a) MM41, (b) CM03, and (d) SOP1812. (c) Plausible low-energy position of CM03 bound to
an external G-quartet of the human telomeric G4. (e) Plausible low-energy position of SOP1812 bound to an external G-quartet of the human
telomeric G4, based on panel c, with the substituent phenyl ring colored magenta. (f) Magnified view, from panel e, of the phenyl ring of SOP1812

partially stacked onto a G-quartet.

We have previously reported”*™>° on a number of ND
compounds, including26 the trisubstituted derivative 2,7-bis(3-
morpholinopropyl)-4-((2-(pyrrolidin-1-yl)ethyl)amino)
benzo[lmn][3,8] phenanthroline-1,3,6,8(2H,7H)-tetraone
(CMO03). This binds strongly to G4s in vitro, has potent
antiproliferative activity in a panel of human pancreatic ductal
adenocarcinoma (PDAC) cell lines, and shows antitumor
activity in in vivo models for this clinically challenging disease.
Transcriptome analysis showed that >600 genes were
significantly down-regulated in CMO03-treated PDAC cells. 350
out of 600 (~60%) genes contain G4 sequences in promoter
regions, of which >40 out of 600 (~7%) are involved in PDAC-
related pathways. By contrast, many genes down-regulated
following PDAC cell treatment with a current standard-of-care
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drug gemcitabine do not possess G4 elements. We suggested
that the effectiveness and potency of CMO3 is a consequence of
its ability to down-regulate multiple dysregulated gene targets in
PDAC cells”’ containing G4 elements in regulatory regions.”®

The hypothesis of the present study is that enhancing the in
vitro G4 affinity of CMO03 may result in enhanced biological
potency, which is further evidence of G4 targeting. We have
recently reported”® quantitative G4 binding data for CM03 and
a new ND compound, SOP1812, with ca. 10 times greater
cellular and in vivo potency than CM03. We report here on the
further characterization of SOP1812.

Co-crystal structures of human telomeric G4s with tetra-
substituted NDs,”*** such as MM41 (Figure 1a), and the
modeled structure®® of a complex with CM03 (Figure 1b,c)

https://dx.doi.org/10.1021/acsmedchemlett.0c00317
ACS Med. Chem. Lett. 2020, 11, 1634—1644
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were used to design SOP1812. Ligand binding sites in these
structures were modeled onto the hTERT parallel-stranded G4
structure (NMR structure).”” Tetra-substituted ND com-
pounds, typified by MM41, have each cationic acyclic side
chain residing in a G4 groove. The three side chains of CM03
were each modeled to interact in a groove;26 the lack of a fourth
substituent is compensated by the tight fit of the three. We
hypothesized that a fourth substituent group, a pyrrolidino-
substituted phenyl ring directly attached to the ND core, could
contribute enhanced affinity. The energy-minimized amino-
pyrrolidino phenyl derivative of CM03 (Figure 1c) has a 27°
dihedral angle between the phenyl and the planar ND core. The
phenyl thus stacks with the terminal G-quartet (Figure 1d—f),
adopting a ruffled arrangement with the G-quartet being slightly
noncoplanar, as observed in several G4 cocrystal structures™>"
and theoretical models.”® Modeling also suggests that a cationic
tail of the phenyl could reside in the fourth G4 groove (Figure
1d).

A small library of 11 compounds (Figure 2) based on this
concept was synthesized, with a range of substituents on the
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Figure 2. Structures of compounds 1—11 and relative Gy, values
measured in MIA PaCa-2 cells, scaled to those for SOP1812.

phenyl ring. The synthetic procedure is a modification of the
established route®*™*° to other ND derivatives. (See Scheme 1
and the experimental details in the SI.) Final compounds were
purified to 95—98% purity, often at a higher yield than hitherto,
by using silica and reverse-phase column chromatography rather
than HPLC. Good yields and purity may be the consequence of
obtaining key intermediates in higher purity than achieved
previously, enabling cleaner reaction profiles for the final
products.

The ability of the compound library to inhibit cell
proliferation in MIA PaCa-2 PDAC cells was estimated by a
96 h high-throughput MTS (3-(4,5-dimethylthiazol-2-y1)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
assay. Compound 11 (SOP1812:2,7-bis(3-morpholinopropyl)-
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Scheme 1. Scheme for Synthesis of Compound sop1812*"
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“Syntheses of other compounds in the 11-compound library used
appropriate intermediates at step d, as described in detail in the SI
Conditions: (a) 1,3-dibromo-5,5-dimethylimidazolone-2,4-dione,
H,SO,, 80 °C, 0.5 h (82%); (b) 3-morpholinopropan-1-amine (2
equiv), AcOH, 80 °C, 1 h (56%); (c) 2-(pyrrolidin-1-yl)ethanamine
(3 equiv), toluene, 120 °C, 1 h (40%); (d) 1-(4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)benzyl-pyrrolidine, S-Phos Pd G3, THF, 70
°C, 3 h (40%).

o™

@ @
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4-((2-(pyrrolidin-1-yl)ethyl)amino)-9-(4-(pyrrolidin-1-yl-
methyl) phenyl) benzo[lmn][3,8]phenanthroline-1,3,6,8-
(2H,7H)-tetraone) was the most potent in the series. For
consistency with previous ND data, cell proliferation studies
with a panel of PDAC cell lines were subsequently performed
using a quantitative 96 h SRB (Sulforhodamine B) assay”**®

(Table 1).

Table 1. Cell Proliferation Data in Four Pancreatic Cancer
Cell Lines as GI, Values (in nM) from 96 h SRB Assays”

compound 11 (SOP1812) compound CM03

MIA PaCa-2 13 9.0
PANC-1 14 15.6
Capan-1 5.9 26.5
BxPC-3 2.6 18.5

“Standard deviations from the average of >3 independent
determinations +0.2 nM.

The weak relative activity of 2 and 3 (Figure 2) indicates that
the substituent attached to the phenyl requires a cationic charge,
which these lack and is confirmed by the weakly basic
morpholino group, 1. Maximal activity is shown by the para-
substituted pyrrolidino ring, 11 (SOP1812). Activity is lost
when this substituent is moved around the phenyl (4 and 5).
The substituent size is also a factor, with six-membered (6 and
10) and seven-membered rings (9) being deleterious. Extending
the substituent length (8) is deleterious, but less so than other
changes represented in this small library. The data suggest that
optimal activity is narrowly defined: SOP1812 is the outstanding

https://dx.doi.org/10.1021/acsmedchemlett.0c00317
ACS Med. Chem. Lett. 2020, 11, 1634—1644
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member of the series. A detailed structure—activity analysis is
given in the SL

The SRB cell proliferation assay with a panel of PDAC cell
lines (Table 1) shows significantly greater activity for SOP1812
than CMO03. In MIA PaCa-2 and PANC-1 cells, the increase in
potency is 10-fold, and it is 5-fold for Capan-1, the least sensitive
in the panel. Consistent with these differences in cellular activity,
SOP1812 has two to three times greater affinity for the two
exemplar G4s (a human telomeric and an hTERT promoter
G47*) than CMO03 using SPR (Table 2). Both compounds have
enhanced (>5-fold) affinity for hTERT G4.>*

Table 2. Dissociation Equilibrium Binding Constants, K, (in
nM), for Compounds with Two Quadruplex Sequences
Measured by Surface Plasmon Resonance, from Reference 28

compound SOP1812

49 +02
284+ 1.1

compound CMO03

9.0+ 04
81.8 £85.3

hTERT G4
HuTel21 G4

The visualization of CM03 and SOP1812 binding to G4s in
cells used the BG4 G4-specific antibody.'> At 400 nM CMO03 in
PANC-1 cells (Figure 3), the number of BG4 foci is significantly
increased following 24 h of exposure compared with the control
(P <0.05). SOP1812 at 100 nM gives the same result, with BG4
foci numbers increasing after 24 h. At 400 and 800 nM
SOP1812, BG4 foci numbers are decreased in a dose-dependent
manner. Decreased foci are still apparent at 6 h, but only at the
highest concentration, and this effect is statistically significant (P
< 0.05).

The pharmacokinetic behavior of CM03 and SOP1812 was
evaluated in vivo in rodents following IV administration. Their
half life in blood is >20 h. SOP1812 in tumor-free mice (Table

S1) has a longer (>3 times) half life than CMO03, although these
differences are not apparent in tumor-bearing mice (Table 3) or
tumor-free rats (Table S1). SOP1812 has a halflife of ca. 36 h in
both models. Figure 4a,b shows that the cellular concentrations
of the two compounds remain low for >24 h, and both have
windows above the EC;, values (especially SOP1812), so that
sufficient compound is available in vivo in blood at these
concentrations for therapeutic exposure, which were then used
for subsequent in vivo therapeutic studies.

The antitumor activity of SOP1812 and CMO03 has been
evaluated in PDAC models and compared with a current
standard-of-care PDAC drug, gerncitabine.31 Studies with the
MIA PaCa-2 xenograft model (Figure Sa) examined each
compound versus gemcitabine, with twice weekly dosing
regimens over a 28-day period, followed by a period of no-
dose observation. One SOP1812 group used once-weekly
dosing. Several animals in each group were withdrawn from
the study following day 28 and were sacrificed for further
analysis. The study was concluded at day 53, when tumors in the
vehicle control arm grew beyond acceptable regulatory levels.

CMO03 dosing at 10 mg/kg produced a significant antitumor
effect at 28 days (P = 0.035), but by day 53, tumor regrowth had
occurred, so that the overall antitumor effect was modest and not
statistically significant (Table 4 and Figure Sa). CM03 dosing at
15 mg/kg gave significant decreases in tumor volumes (P =
0.043), although regrowth after day 28 was observed (Table 4
and Figure Sa). SOP1812-dosed groups showed statistically
significant tumor volume reductions at day 28 and at day 53 (P <
0.05 and P < 0.00S; Table 4). Several animals showed complete
tumor regression, no significant tumor regrowth after day 28,
and no statistically significant difference between these two
groups. Gemcitabine produced a significant antitumor effect (P
= 0.004) and modest tumor regrowth after day 28. SOP1812

Control 400 nM CMO03

()

BG4

(b)

BG4

600

100 nM SOP1812

400 nM SOP1812 800 nM SOP1812

2 500

(]
2 400
c (8]
(©) 2 300
< 200
2 100 -

Figure 3. Effects of CM03 and varying concentrations of SOP1812 on the numbers of G4-specific antibody BG4 foci in PANC-1 cells. (a,b) Confocal
Z-stack images after 6 and 24 h of exposure. (c) Quantitation of the numbers of BG4 foci. Images were deconvolved and BG4 and nuclei numbers were
obtained with the Imaris image analysis software package (https://imaris.oxinst.com/). Data shown represent the mean + SEM of three independent

experiments, *P < 0.0S, using the Student’s ¢ test.

https://dx.doi.org/10.1021/acsmedchemlett.0c00317
ACS Med. Chem. Lett. 2020, 11, 1634—1644


http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.0c00317/suppl_file/ml0c00317_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.0c00317/suppl_file/ml0c00317_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.0c00317/suppl_file/ml0c00317_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.0c00317/suppl_file/ml0c00317_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00317?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00317?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00317?fig=fig3&ref=pdf
https://imaris.oxinst.com/
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00317?fig=fig3&ref=pdf
pubs.acs.org/acsmedchemlett?ref=pdf
https://dx.doi.org/10.1021/acsmedchemlett.0c00317?ref=pdf

ACS Medicinal Chemistry Letters

pubs.acs.org/acsmedchemlett

Table 3. Blood Pharmacokinetic Parameters in Female Athymic MIA PaCa-2 Tumor-Bearing Nude Mice Following a Single IV

Administration”
CMO03 (9.1 mg/kg)
Ty, (hr) 33(21)
Cl,p, (mL/min/kg) 10.9(2.7)
V, (L/kg) 5.2(0.9)
V, (L/kg) 27.8(10.7)
Cinax (ng/mL) 4519(3240)
AUC,; (ng'h/mL) 11113(2248)
AUCg o (ng'h/mL) 14484(3769)

CMO3 (14 mg/kg) SOP1812 (0.96 mg/kg)

16(7) 37(8.0)
8.1(4.0) 2.2(1.0)
2.2(0.4) 1.2(0.4)
11.8(10.4) 6.9(3.0)
22088(7407) 4178(707)
30628(13924) 5863(1868)
34356(17974) 8271(3633)

“Three mice were in each group, and the data shown for each parameter are the mean values. Standard deviations are in parentheses.
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€ 1000
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Figure 4. Pharmacokinetics in tumor (MIA PaCa-2)-bearing mice for (a) SOP1812 at 0.96 mg/kg IV and (b) CMO3 at 14 mg/kg IV.

dosing schedules were well-tolerated, with no sign of adverse
cardiac or neurological effects.

Antitumor activity for SOP1812 was observed in a genetic
model of PDAC. KPC (PdwxI-Cre; LSL-Kras®'?P*; LSL-
Trp53%172H/%) ‘mice express constitutively active KRASS!?P
and mutant p53"'7*" specifically in the pancreas and develop
PDAC with many of the same features as humans’ and
resistance to most chemotherapies. KPC mice were aged until
palpable tumors were confirmed by ultrasound and then
enrolled in treatment. SOP1812 was administered IV, 1 mg/
kg 1x weekly, with six mice in each group (Figure Sb) for 3
weeks (four doses) and monitored until symptoms progressed,
when animals were culled. Survival was significantly extended in
mice treated with SOP1812, with a median survival in those

1638

mice of 24 days compared with 12 days in both the control group
and the gemcitabine-treated mice (P = 0.016). One animal
survived in the control group to day 18, whereas 3/6 of the
SOP1812-treated group survived for 28 days or more, and 1
survived to 43 days. By contrast, in the gemcitabine group,”®**
only one animal survived >20 days.

RNA-seq technology was used to assess transcriptional
changes following dosing with SOP1812. The protocol
employed was close to that used in the CMO03 study.”® MIA
PaCa-2 cells were exposed for 6 and 24 h to the compound. After
6 h of SOP1812 treatment, many genes were solely affected by
SOP1812 but not by CM03 or gemcitabine; 178 genes were
strongly down-regulated (<—1.0 log, FC (fold change) values),
and 557 had some change (log, FC < —0.5) (Figure 6). These

https://dx.doi.org/10.1021/acsmedchemlett.0c00317
ACS Med. Chem. Lett. 2020, 11, 1634—1644


https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00317?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00317?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00317?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00317?fig=fig4&ref=pdf
pubs.acs.org/acsmedchemlett?ref=pdf
https://dx.doi.org/10.1021/acsmedchemlett.0c00317?ref=pdf

ACS Medicinal Chemistry Letters pubs.acs.org/acsmedchemlett

a
@) —e— Vehicle Biw —e—CMO03 10mg/kg BiW ——CMO03 15mg/kg BiW
—e—S0P1812 1mg/kg QW —e—S0P1812 1mg/kg BiW —o— Gemcitabine 15mg/kg BiwW
2400

2000

1600

1200

Tumour volume (Percent of starting volume)

800
400
.
1 3 5 7 9 11131517 19 21 23 2527 29 31 33 35 37 39 41 43 45 47 49 51 53 55
Treatment day
lTreatment stopped
(b)
100 = SOP1812
. P =0.016
== \/ehicle
;\3 80; =i Gem (historical)
S 60
5
o 40
201
0 T L . T .
0 10 20 30 40 50

Days after start of treatment

Figure S. (a) Antitumor data for the MIA PaCa-2 xenograft model, after 28 days of IV administration, followed by 28 days without treatment. Data are
mean + SD; n = 8 mice to day 28 and n = 4 mice to day 53. The black arrow shows 28 days. QW and BiW represent once-weekly and twice-weekly
dosing, respectively. (b) Kaplan—Meier survival curves showing the survival of KPC mice treated with 1 mg/kg IV SOP1812 (n = 6 mice) or control (n
= 6 mice) 1X weekly for 3 weeks (4 doses), where possible. Data for mice treated 2X weekly with 100 mg/kg LP. gemcitabine (n = 8 mice) is also
shown. SOP1812 versus vehicle, P = 0.016.

Table 4. Changes in Tumor Volume (TV) (cm®) Relative to Controls for the MIA PaCa-2 Xenograft Experiment (MTV: Mean
Tumor Volume (cm?®))“

drug MTV =+ SEM (day 28) % TV change (day 28) ~ Pvalue ~ MTV + SEM (day S3) % TV change (day S3) P value
CMO03, 10 mg/kg, BiW 0.16 + 0.20 —64.4 0.035%* 0.63 + 0.74 —60.6 0.574
CMO03, 15 mg/kg, BiW 0.12 £ 0.19 -73.3 0.126 0.35 £ 0.59 -78.1 0.043*
SOP1812, 1 mg/kg, QW 0.08 + 0.14 —82.2 0.020%* 0.17 + 0.33 —-89.3 0.0047%**
SOP1812, 1 mg/kg, BIW 0.06 + 0.08 —86.6 0.018%* 0.15 + 0.24 —90.6 0.008%**
gemcitabine, 15 mg/kg, BiW 0.13 + 0.07 =71.1 0.016* 0.39 +0.18 —75.6 0.004%**
control 0.45 +£0.18 1.60 + 0.44

“Statistical analyses of average tumor volumes of treated versus control mice cohorts at the given time points used. Student’s f test: * P < 0.0S, ** P
< 0.01, ¥ P < 0.005.
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Figure 6. Venn plots showing numbers of down- and up-regulated genes common to CMO03-,>° SOP1812-, and gemcitabine”*-treated MIA PaCa-2

pancreatic cancer cells from RNA-seq analysis.

are two times fewer than the number of CMO03-affected genes.
With both, the number of affected genes is fewer at 24 h. There
are few SOP1812-altered genes in common with those down-
(or up-) regulated by gemcitabine (Figure 6) at 6 and 24 h. We
conclude that SOP1812 is more potent than CMO03 in cells and
more selective of the number of genes that it down-regulates.
Few of the genes down-regulated by SOP1812 are affected by
gemcitabine.

Table S highlights the pathways most affected by expression
changes. Those in common for CM03 and SOP1812 treatment

Table S. Results of the Transcriptome Study with SOP1812
and MIA PaCa-2 Cells: The Major Signalling Pathways
Down-Regulated by CM03, SOP1812, and gemcitabine

no. of down-

regulated

compound/time genes top affected signaling pathways

CMO03 6 h 2203 Axon guidance, Hippo, Rap1, MAPK,
endocytosis, insulin resistance, TNF,
Whnt

CMO03 24 h 2272 ErbB, neurotrophin, insulin, Rap1,
mTOR, axon guidance, AMPK, TNF,
Wnt

SOP1812 6 h 1423 Hippo, TNF, Rap1, NF-kappa B, Wnt

SOP1812 24 h 847 Axon guidance, cell cycle, DNA
replication, Rapl, Wnt

gemcitabine 6 h 564 cell cycle, TNF, FoxO,

gemcitabine 24 h 1044 ribosome biogenesis, spliceosome, RNA

transport, Hippo, Wnt

include Wnt/f-catenin (Figure 7), axon guidance, Hippo,
MAPK, and Rapl (Figure Sla—d). Several genes in the Wnt/f-
catenin pathway were affected by SOP1812 (Figure 7):
WNTSB, DVLI1, AXIN1, and APC2 (Table 6). Their expression
changes (and that of hTERT) are consistently greater at 6 h.
Changes in several other genes are also noted in Table 6, with
GLI1, MAPK11, and BCL-2 all increasing at 24 h.

The expression of MAPK11 and hTERT proteins and the
levels of cleaved PARP protein (an indicator of apoptosis) were
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estimated at the termination of xenograft experiment dosing.
MAPKI11 was reduced to undetectable levels (Figure 8)
following SOP1812 (1 mg/kg) and CMO03 (15 mg/kg) 2X
weekly dosing (P < 0.003) but not with gemcitabine or the
lower CMO03 dose. No significant changes in hTERT protein
levels were found. The level of the cleaved PARP protein’* was
the greatest in the SOP1812-dosed tumors (Figure 8a).

We have shown here that addition of a fourth directly attached
aminopyrrolidino-phenyl group to the CMO03 core results in a
compound, SOP1812, with superior G4 affinity and potency.
This design concept has two features that increase G4 binding:
(i) the additional aryl ring, creating an extended 7-system and
increasing aromatic interactions of the core with G-quartets, and
(ii) an additional basic amine that enhances electrostatic
interactions with the phosphate backbone. We suggest that
the ability of high levels of SOP1812 to efficiently compete with
G4-specific BG4 antibody from nucleic acids in cell nuclei is due
to its high G4 affinity, which is comparable to that of BG4
itself,'> and its greater concentration in the staining experiments
(Figure 3). This result is supportive of the hypothesis that
SOP1812 binds to cellular G4s.

The 10-fold increase in the cellular GI, value for SOP1812
versus CMO3 is consistent with a 10 times lower dose for
significant antitumor activity in MIA PaCa-2 xenografts. The
pharmacokinetics of CMO03 and SOP1812 are broadly
comparable to their in vivo responses. Overall, the high t,,,
values together with the cellular GIg, values indicate good
bioavailability for both compounds. The SOP1812 activity in the
KPC model (P = 0.016) is more significant than that with CM03
(P = 0.217). SOP1812 dosage regimens have not been
optimized; our data from the xenograft experiments suggest
that four 1 mg/kg doses suflice, but not necessarily in the KPC
study. Overall, SOP1812 has a superior antitumor profile to
CMO3, at least in these two models. The KPC model is more
representative of human PDAC, and the negligible responses
with gemcitabine monotherapy”” are in accord with clinical
experience.”*® The differences are discussed in more detail in
the SI.
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Figure 7. Enriched Wnt/f-catenin pathway and gene set after 6 or 24 h of SOP1812, CMO03, and gemcitabine treatment in MIA PaCa-2 cells from

RNA-seq experiments. The KEGG pathway enrichment analysis used

the complete down-regulated gene set (Log,FC < —0.5 and FDR < 0.1).

Significant DEGs: red, down-regulated genes (Log,FC < —0.5 and FDR < 0.1); green, up-regulated genes (Log,FC > 0.5 and FDR < 0.1).

The transcriptome data show that SOP1812 has greater
selectivity compared with CM03. The effectiveness of SOP1812
in the PDAC models is, we suggest, due to its ability to affect
several targets, which is a necessity in the case of advanced

PDAC, a cancer with multiple genomic dysfunction.”” The
observation that several key genes in the Wnt/f-catenin
signaling pathway (Table 6, Figure 7) containing putative G4
elements are significantly down-regulated is in accord with other
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Table 6. Reduction in Expression in MIA PaCa-2 Cells for Selected Cancer-Related Genes Following Exposure to SOP1812,

CMO03, and Gemcitabine”

gene

WNTSB —0.56 0.06 -1.77 -0.97 —-2.2§
DVL1 —0.01 —0.26 -1.35 —-1.31 —1.48
AXIN1 -0.33 —0.11 -0.73 —-1.43 —1.59
APC2 —0.13 —0.57 -1.62 —1.38 —1.88
GLI1 —0.52 —0.33 —0.61 —0.64 —0.66
MAPKI11 0.10 0.61 —0.53 -2.56 —0.71
BCL-2 1.05 0.84 —-1.12 —-1.24 —0.58
hTERT —0.10 0.31 —1.66 —2.47 -2.29

Gem6h Gem24h CM036h CMO0324h SOP18126h SOP181224h

—0.57
-0.77
-0.39
-1.06
—1.84
-1.72
-1.75
-1.02

protein function

regulator of Wnt signaling

telomerase catalytic subunit

promotes cancer cell migration, invasion
key regulator of Wnt signaling pathway

negative regulator of f-catenin in Wnt pathway

oncogenic PDAC transcription factor
essential effector kinase of p38 MAPK pathway

antiapoptosis gene

no. of PQs

8
30
18
38
15
18
21
15

“Log, FC fold changes in gene expression from RNA-seq analyses. Data for CM03 and gemcitabine are from ref 26. PQs are estimated numbers of
putative quadruplex sites (ref 26). Genes involved in the Wnt pathway are marked in bold.

SOP1812

(a) Vehicle GEM SOP1812 cmo3 cmo3
qQw BIW 10mg 15mg
31 58 65 10 38 66I 8 44 51 26 41 52 22 29 33 9 62 69 Mouse number
1 1
1 1 1 H 1
| ! ! : i
- - . - : i i MAPK11
: i } e -
1 1 1 H T
H 1 1 H 1
| : : ; ; =
—-— — TERT
—-l-—.i——-!—---; Lt i-
! : i 1 H
| : — —: —:‘ — q: Cleaved PARP
: - -i- i—- — : I - eave
: : ! : :
: : : i :
- --:—-.I---i---b-q... GAPDH
- 1
: i i | s
cPARP
(b) MAPK11 hWTERT -
= 1201 5 )
4 5 1601 : ]
£ 1001 £ € o
8 5 © 600+ '|' p=0024 p=0.0401
o 8 1204 °
2 380 * [ 0
-2 p=00112 ° "QE,
g 601 E 80- >
5 40 s S
5 E 404 £
8 201 3 :
g 0- & 0- o o
& &S IR g
F O © OO & @ © © © ©
VSIsg &y F & &F&S
RO & S
FEEES o 55 oS
& & PO ¢ c
4 g &

Figure 8. (a) Western blots on a subset of proteins encoded by G4-containing genes, together with the PARP protein, extracted from tumors taken at
day 28 in the MIA PaCa-2 xenograft experiments. (b) Densitometric quantitation of MAPK11, hTERT, and PARP proteins from the data in Figure 8a,
averaged over tumors in three animals (panel a above). Student’s ¢ test was used.

studies highlighting this pathway for small-molecule therapy in
PDAC.*® The pathway genes in Table 6 are also affected by
CMO3 but not gemcitabine. SOP1812 dosing results in
consistently greater changes in mRNA levels for the genes in
the Wnt/f-catenin pathway at 6 h than at 24 h (Table 6),
indicating that these effects occur early after dosing.

Changes in several other genes are highlighted in Table 6 and
Figure 8. SOP1812 has high affinity for the hTERT promoter
G4,”® which is consistent with the down-regulated expression in

1642

MIA PaCa-2 cells. hTERT G4-targeted down-regulation has
been previously reported,”” with the down-regulation of h\TERT
protein levels in an in vivo prostate cancer xenograft model, in
contrast with the unchanged hTERT tumor levels here (Figure
8). This difference may be functionally significant, a
consequence of the differences between the tumor types. BCL-
2 contains several G4 sites’”*" and is an apoptosis marker: It
may also be a direct target for SOP1812 (Table 6). The
MAPKI11 gene, encoding for p38 MAP kinase in the MAP

https://dx.doi.org/10.1021/acsmedchemlett.0c00317
ACS Med. Chem. Lett. 2020, 11, 1634—1644
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kinase pathway, is overexpressed in several human cancers. It is
efficiently down-regulated in both cells and tumors and may be a
potential marker of the SOP1812 response.
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