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ABSTRACT

The human KRAS transcript contains a G-rich 5’-UTR sequence (77 % GC) harbouring
several G4 motifs capable to form stable RNA G-quadruplex (RG4) structures that can
serve as targets for small molecules. A biotin-streptavidin pull-down assay showed that
4,11-bis(2-aminoethylamino)anthra[2,3-b]furan-5,10-dione (2a) binds to RG4s in the KRAS
transcript under low-abundance cellular conditions. Dual-luciferase assays demonstrated
that 2a and its analogue 4,11-bis(2-aminoethylamino)anthra[2,3-b]thiophene-5,10-dione

(2b) repress translation in a dose-dependent manner. The effect of the G4-ligands on Panc-1
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cancer cells has also been examined. Both 2a and 2b efficiently penetrate the cells
suppressing protein p21KRAS to < 10 % of the control. The KRAS down-regulation induces
apoptosis together with a dramatic reduction of cell growth and colony formation. In

summary, we report a strategy to suppress the KRAS oncogene in pancreatic cancer cells by

means of small molecules binding to RG4s in the 5’-UTR of mRNA.

INTRODUCTION

The three ras genes (HRAS, KRAS and NRAS) encode for highly homologous (83-90 %
sequence identity) GTPases of 21 kDa that cycle between an active GTP-bound and an
inactive GDP-bound state. »** This cycling is mediated by guanine nucleotides exchange
factors (GEFs) and by GTPases activating proteins (GAPs). 13 In the GTP-bound state, the
p21RAS protein interacts with downstream effectors, activating specific cellular processes
including proliferation, survival and differentiation. »* Mutations in the ras genes are
estimated to be present in ~ 30 % of all human cancers. > However, in pancreatic ductal
adenocarcinoma (PDAC), KRAS is mutated in ~ 95 % of patients. 67 The mutant alleles
carry a single missense point mutation in exon 1, codon 12, 13 or 61, which impairs GAP-
mediated GTP-to-GDP hydrolysis. This results in an aberrant protein that is locked into the
activated state, transmitting constitutively signals for proliferation to the nucleus. ®
According to recent studies, mutations in the KRAS gene can be seen as primary genetic
lesions that initiate the malignant transformation of pancreatic cells. > '® Progression to
invasive PDAC occurs through a step-wise accumulation of other genetic lesions, in
particular those causing the inactivation of tumour suppressor genes. '

Recent studies have demonstrated that KRAS is essential for the maintenance of PDAC
as it reprograms the metabolism of glucose and glutamine to fuel a high proliferation rate. *

1213 The dependence of metabolic pathways on specific oncogenes has led to the concept of
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“oncogene addiction”, which means that, although cancer cells may depend on a number of
genetic aberrations, they often develop a dependency on a particular oncogene. '
Considering the central role played by KRAS on the pathogenesis of PDAC, KRAS is
considered a crucial target for anticancer drugs. However, despite more than two decades of
research, up to now no anti-ras drugs have reached the clinic, creating the impression that
ras genes may be “undruggable”. 16,17 Recently, the design of new inhibitors binding
directly to protein p21RAS has fuelled research in this direction. '* Other strategies that are
being pursued use drugs that inhibit either the association of p21RAS to the membrane or
the activity of downstream pathways. "** In our laboratory, we developed an alternative
anti KRAS strategy by focusing on two targets for small molecules: (i) a G4-motif located
upstream of the transcription start site (TSS) (-320/-306), which is recognized by essential
transcription factors (MAZ, Ku70, PARP-1 and hnRNP A1); ?* (ii) G4-motifs located in the
5’-untranslated region (5’-UTR) of the KRAS transcript. > Previous studies have shown
that the presence of G4 motifs in 5’-UTR of mRNA inhibits translation, on the basis of
luciferase assays. 2?7 In this study, we demonstrate by a streptavidin-biotin pull-down
assay that small molecules bind to RNA G-quadruplexes (RG4s) formed in the 5’-UTR of
low-abundant cellular KRAS transcripts. These small molecules, anthrafurandiones (ATFD)
and anthrathiophenediones (ATPD), suppress luciferase from specific vectors as well as
p21RAS in pancreatic Panc-1 cancer cells. ATFD and ATPD strongly induce apoptosis,
reduce the metabolic activity and colony formation of Panc-1 cells carrying mutant KRAS
G12D. Our results demonstrate that ATPD and ATFD are promising therapeutic drugs to
suppress oncogenic KRAS in pancreatic cancer cells, through their binding to RG4s located

in the 5°-UTR of mRNA.
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RESULTS AND DISCUSSION

Since Hurley and co-workers published their seminal study on the transcription of
CMYC controlled by a regulatory mechanism involving a G4 DNA, Ba great number of
papers on this unusual structure has been reported in the literature. ***° The biological
function of G4 DNA is rather complex: some studies indicate that it behaves as a

. 28,32,35
transcriptional repressor,

others that G4 DNA is associated with transcriptionally-
active chromatin. *® Whatever its function is, G4 DNA is an attractive target for therapeutic
small molecules. ** However, bioinformatics analyses showed that the transcript of certain
oncogenes contains a 5°-UTR rich in guanines that can form G4 RNA structures (RG4s). 2*
27.3740 The 5°-UTR region of mRNA plays an essential role in the initiation of translation.
This occurs through three steps: (i) association of the 7-methylguanosine cap with the 43 S
initiation complex; (ii) scanning of complex 43 S along 5’-UTR up to codon AUG; (iii)
assembly of a larger 80 S ribosome that proceeds with protein synthesis. The process is
normally regulated by eukaryotic translation initiation factors (elFs). In addition, certain
transcripts use a cap-independent translation initiation that depends on internal ribosomal
entry sites. 26.3%:40 1t has been hypothesized that excess secondary structure including RG4s,
in 5’-UTR may have a regulatory function on translation. 2 *"37 Indeed, as observed with
RNA hairpins, RG4s can either inhibit the assembly of the translation initiation machinery
at the 5’-cap or interfere with the scanning of the ribosome towards the AUG codon (Supp.
data, S1). 2%*"*7 Luciferase data obtained with expression plasmids designed with G4 in

specific positions upstream of AUG have been reported as a proof-of-principle. 2 **

n
our work we demonstrate that furan- and thiophene-fused anthraquinone derivatives bind to
RG#4s in the 5’-UTR of KRAS mRNA under low-abundance cellular conditions. These G4-

specific molecules are found to suppress the KRAS oncogene in pancreatic cancer cells

through a mechanism involving the inhibition of translation.
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The human KRAS 5’-UTR forms RNA G-quadruplex structures

The human KRAS transcript contains a 5’-UTR of 192 nucleotides, characterized by a
high GC content (77 %) (Fig. 1). Its putative secondary structure can be predicted by Mfold,
*8 a bioinformatic tool that generates a secondary structure by taking into consideration the
orthologues of the RNA sequence. However, Mfold does not take into account G4 motifs,
thus one wonders if the secondary structure predicted for the KRAS 5°-UTR is actually
formed, considering that it contains 33 GG runs which give rise to a multitude of G4 motifs.
To identify the G4 motifs with the highest G-score (i.e. highest propensity to fold into a
G4), we interrogated QGRS Mapper. * We considered a consensus G4 motif composed by
2 G-tetrads and loop length up to 12 nt. The analysis gave three non-overlapping G4 motifs
with a G-score= 21 (Table 1). If the overlapping G4 motifs were included in the analysis,
their number was > 300, suggesting that the human KRAS 5’-UTR sequence has a high
propensity to form RG4s. The three non-overlapping G4 motifs are located within the first
80 nt of 5’-UTR and each displays a circular dichroism spectrum characterized by a strong
ellipticity at 265 nm and a negative ellipticity at 240 nm, typical of parallel G-quadruplexes,
as does the well-known G4-motif located in the 5°’-UTR of NRAS (Fig. 2 A). 26:30 The G4
motifs show UV-thermal difference spectra characterized by a negative peak at 295 nm in
K- but not in Li -buffer, a distinctive feature of G4 structures (Supp. data, S2).>' They
show cooperative UV-melting curves at 296 nm (as well as at 260 nm), with Ty, varying
from 53 to 64 °C in K'-buffer (Fig. 2 B and Table 1). The melting curves analysed with a
two-state model, gave AG of quadruplex formation between ~ -3.7 and -5.6 kcal/mol (Table
1).

To confirm that the selected G4 motifs adopt a RG4 structure, we analysed by EMSA if
they are recognized by BG4, an antibody specific for G-quadruplexes. *>*® This analysis

was performed with only the 20-mer utr-z G4 motif, as utr-1 and utr-c are too short for
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binding to BG4. We found that BG4 formed a stable RNA-protein complex with utr-z as
well as with the NRAS RG4, which was used as a positive control (Fig. 2 C). 2 Next, we
analysed by EMSA the first 80-nt of 5’-UTR (s-80), which contains the three non-
overlapping G4 motifs. We wanted to find out if the G4 structures are also present in this
longer RNA s-80 sequence, although it could form a mismatched stem-loop structure,
according to Mfold (Fig. 3 A). We found that in K'-buffer, BG4 clearly bound to s-80,
while it did not essentially bind to single-stranded RNA or hairpin RNA sequences, thus
suggesting that KRAS 5°-UTR forms indeed local G4 structures (Fig. 3 B). We found that
BG4 bound to s-80, although with a weaker intensity, also in Li"-buffer. This is probably
due to the fact that s-80 exists as a hairpin=G4 equilibrium, which is more shifted to the
right in K'- than Li"-buffer. BG4, upon binding to the existing quadruplex, is likely to push
the equilibrium to the right. The capacity of RNA sequences to fold into G4s in the absence
and presence of various metal ions, including K", Na" and Li", has been examined by
Miserachs et al. ** Further evidence that G4 is present in s-80 was obtained by measuring
the reactivity of the guanines with RNase T1, > taking into account that the guanines
involved in the formation of Watson-Crick or Hoogsteen hydrogen bonds do not react with
RNase T1. If s-80 assumes the stem-loop structure of Fig. 3 A, the loop guanines G23-G24
and G26-G27 should be reactive. On the other hand, if s-80 forms the three non-overlapping
G4 structures, the loop guanines should not be reactive, as they should be involved in the
formation of the G-tetrads. In contrast, guanines G30 and G33, falling between the utr-1
and utr-z RG4 structures, should be reactive to RNase T1. The footprinting of s-80 over the
loop region shows that there is a prevalence of stem-loop structure in Li'-buffer as G30 and
G33 are not or very slightly reactive (Fig. 3 C, from left lanes 4 and 7). By contrast, in K" -
buffer both G4 and stem-loop structures are present in solution, as G30 and G33 as well as

G23-G24 and G26-G27 are clearly reactive with RNase T1 (lanes 3 and 6 from left). This
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behaviour suggests that s-80 exists in solution in equilibrium between G4 and the stem-loop
structure. To further support this conclusion, we tested the presence of RG4s in s-80 with
thioflavin T (ThT), a fluorescence sensor specific for G4.%° As illustrated in Fig. 4A, ThT
exhibited a strong increase of fluorescence emission upon binding to s-80, but not upon
binding to a RNA hairpin (5’-GGCCGCCGCAGUGGCGGCGQ). In Fig. 4B we compared
the fluorescence enhancement of ThT induced by s-80 or hairpin RNA, in K- or Li’-buffer.
It can be seen that in K'-buffer s-80 caused an increase of fluorescence (F/F) up to 25
while in Li'-buffer only up to 10, in agreement with the fact that the hairpin = G4
equilibrium is more shifted to the right in the K'-buffer. By comparison, a designed hairpin
RNA increases F/Fy up to 5. These data strongly suggest that under physiological
conditions, RG4 structures are certainly present in the first portion of KRAS 5’-UTR.
Recently, Weldon et al. > performed RNA footprintings on wild-type Bcl-x-681 transcript
and its 7-deaza-G analogue, which cannot form RG4. They found that RG4 is present in the
transcript, despite a possible formation of competing stem-loop structures. The Bcl-x G4
motifs have G-scores similar or lower (15 < G-score < 21) than those found in the 5’-UTR

of KRAS (G-score=21)

ATPD and ATFD: uptake and capacity to stabilize RG4

As the 5’-UTR of KRAS is conserved in mammals (Supp. data, S3) and forms RG4s,
we hypothesized that these unusual structures could be involved in the mechanism
regulating translation of KRAS. Previous studies have showed that translation can be
modulated by small molecules targeting to RG4s. 3% 3% We therefore searched for
molecules that obey the following criteria: (i) high capacity to penetrate cell membranes;
(i1) binding to KRAS mRNA despite its typical cellular low-abundance; (iii) high affinity for

RG#4s. In previous studies we reported that anthrathiophenediones (ATPD) with alkyl side-
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chains carrying either guanidine or chloroacetamidine terminal groups penetrate bladder
cancer cells and bind to DNA and RNA Gd4s. ®®' Since the side chains strongly impact the
uptake of these molecules, ® we tested in human pancreatic Panc-1 cancer cells several
ATPD analogues and focused on 4,11-bis[2-guanidinoethylamino)anthra[2,3-b]thiophene-
5,10-dione (1b), 4,11-bis(2-aminoethylamino)anthra[2,3-b]thiophene-5,10-dione (2b) 62 as
well as on their furan analogues, anthrafurandiones (ATFD) 1a and 2a 63 (Fig. 5 A). Both
types of ligands have alkyl side chains ending either with guanidine or amine groups. As the
chromophore of these molecules emits fluorescence upon excitation at 488 nm, we
investigated their cellular uptake by FACS (Fig. 5 B). The results showed that compounds
2a and 2b with amino-ethyl side chains are taken up 20- and 4-fold more efficiently than
the corresponding guanidine analogues 1a and 1b, respectively. An explanation can be that
compounds carrying a localized charge generally display lower membrane permeability
than neutral compounds. Compound 2a differs from 2b only for an atom in the 5-member
ring: oxygen against sulfur. Nonetheless, the former is 5-fold more permeable to Panc-1
cells than the latter. The higher polarizability of sulfur compared to oxygen provides a
rationale for this behaviour. * Due to their high uptake in Panc-1 cells, we used 2a and 2b
to design a strategy aiming at inhibiting translation of KRAS in Panc-1 cells. The guanidine
analogues 1a and 1b were used as reference compounds: since their uptake is lower, they
are expected to produce a weaker cellular effect. We first asked if the molecules bind to and
stabilize the RG4 structures. UV-melting experiments showed that 2a and, to a less extent,
2b strongly stabilize the three non-overlapping RG4s located in the KRAS 5’-UTR. The

increase of T “ AT M) of the three RG4s in the presence of the G4 ligands at =1, 2 and 4 (r

= [ligand]/[G4]) are reported in the histograms of Fig. 5 C. It can be seen that 2a caused a

T, increase up to 32 °C, while 2b up to 20 °C. The lower A T' " brought about by 2b is

probably due to the polarizability of sulfur that may reduce the stacking of the chromophore
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upon the G-tetrads. Our data show that when thiophene is replaced with furan, the ligand
increases not only its capacity to stabilize RG4 but also the uptake in Panc-1 cells. We also
investigated the quadruplex-to-duplex specificity of the G4 ligands by competition
experiments. For instance, the Ty of utr-1 RG4 in the presence of 2a at =4 did not change
when a 5— or 10-fold excess 21-mer RNA duplex was added to the mixtures (not shown).
This is in keeping with our previously data on analogue ligands. 60. 61

Finally, the affinity of ligands 2a and 2b for various G4 RNAs located in 5’-UTR was
determined by fluorescence titrations. A typical titration obtained with u#r-1 and 2a is
shown in Supp. data S4. The various Kp‘s are reported in Table 2. It can be seen that the
average Kp values for 2a is ~ 140 nM and for 2b is ~ 156 nM. The K}, for the binding of the
ligands to competing mismatched hairpin RNAs could not be measured as we were unable
to find experimental conditions in which these putative structures, predicted by Mfold, are
stable. We also designed a non-natural RNA stem-loop structure and found that 2a and 2b
have affinities for this hairpin from 2 to 6 times lower than that for the RG4s. Interestingly,
the Kp‘s for the binding of the ligands to the critical G4 DNA formed in the KRAS promoter
are 626 £ 71 nM for 2a and 278 + 21 nM for 2b. Although the ligands can bind also to G4
DNA, the fact that they accumulate more in the cytoplasm than in the nucleus (Supp. data
S5) and that there are many copies of mMRNA RG4s, suggest that the main targets, i.e. those

producing a stronger cellular effect, is likely to be in mRNA.

ATFDs target the KRAS transcript under cellular low abundance conditions

Studies so far reported on the use of small molecules to inhibit translation are based on
luciferase assays and on the assumption that the G4 ligands bind to mRNA. 2% ***% The first
issue that we addressed in our study was to demonstrate that 2a (the compound showing the

highest uptake) does indeed bind to KRAS mRNA, under its low-abundance cellular
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condition. To do this, we synthesized biotinylated 2a (b-2a) and set up a biotin-streptavidin
pull-down assay.

Synthesis of biotinylated 2a (b-2a). The synthesis of compounds 1a and 1b, 2a, 2b, based
on the nucleophilic substitution of alkoxy groups in the peri-positions of heteroarene-fused
anthracenediones, has been described previously. 6%

To link biotin to 2a we used as spacer 1,6-diaminohexane.®*® First, biotin (1) was coupled
with mono-Boc-protected 1,6-diaminohexane using HATU as coupling reagent. The
subsequent cleavage of the protecting group led to building block HDA-Biotin (3) (Scheme
1A). % As starting compound for the biotinylation of 2a we used 4,11-dimehtoxy-5,10-
dioxoanthra[2,3-b]furan-2-carboxylic acid (4). % The condensation of the amine group of 3

with the carboxylic group of 4 in presence of PyBOP yielded the

Scheme 1. Synthesis of biotinylated anthrafurandiones b-2a
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Reagents and conditions: (a) BocNH(CH;)sNH,, HATU, NMM, DMF, rt; overnight; yield
89 %; (b) DCM, TFA, rt; 3 h; yield 87 %; (c) 3, PyBOP, DIPEA, DMSO, 1t, 1 h, yield 80

%; (d) ethylendiamine, THF, 50 °C, 1.5-2 h, yield 68 %.

biotinylated 4,11-dimethoxy intermediate S (Scheme 1B). Finally, by treating 4,11-
dimethoxyanthra[2,3-b]furan-2-carboxamide (5) with ethylenediamine in THF at 50 °C we

obtained to biotinylated 4,11-bis(aminoalkylamino)anthra[2,3-b]furan-5,10-dione 6 (b-2a).

Streptavidin-biotin pull-down assays with b-2a. To demonstrate that the ligands bind to
RG4s in KRAS mRNA, we first ask if, by means of a biotin-streptavidin assay, b-2a is
capable to pull down a DNA containing a G4 structure. We designed two DNA strands of
115 and 89 nt of which the former contained in the middle a G4 motif (telomeric Azel ").
Both DNA strands had the same 5’- and 3°-ends and could be amplified with the same
couple of primers. A 1:1 mixture of the two strands was incubated with an excess b-2a and
the DNA bound to the biotinylated ligand was pulled down by streptavidin-magnetic beads
and the recovered DNA amplified. On a calibration curve, the DNA recovered was
dramatically enriched of the 115-nt sequence containing G4, suggesting that b-2a efficiently
pulled down the DNA strand carrying G4: a prerequisite essential for the next step of the
experiment. (Supp. data, S6).

The pull-down experiment was repeated by replacing the 1:1 mixture with total cellular
RNA extracted from Panc-1 cells. Cellular RNA is composed by ribosomal, transfer and, in
minimal part, messenger RNA. As illustrated in Fig. 6B the transcriptome contains mRNAs
without G4 structures (like HPRT) and with G4 structures in 5’-UTR as KRAS. We
reasoned that while all transcripts will have weak binding sites for b-2a (RNA stem-loop

secondary structures), only a fraction of transcripts will exhibit both weak (stem-loop) and
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strong (G4) binding sites for b-2a. Based on this assumption, total cellular RNA from Panc-
1 cells was incubated with b-2a and the RNA bound to the ligand was pulled down with
streptavidin-coated magnetic beads. The amounts of KRAS and HPRT transcripts in the
recovered RNA were determined by quantitative RT-PCR and compared to the amounts of
the same genes detected in the input (untreated cellular RNA). The results showed that
KRAS/HPRT in the pulled-down RNA increased nearly 3-fold compared to the input,
suggesting that b-2a binds indeed to RG4s in KRAS transcripts. The pull-down experiment
was repeated with increasing concentrations of b-2a (from 400 to 800 nM). The highest
enrichment in KRAS transcript was obtained at a concentration of 2a of 600 nM. With
higher concentrations of b-2a, the enrichment decreased as the ligand bound to both strong
(G4) and weak (stem-loop) sites (Fig. 6B). Together, the data demonstrate that a small
molecule such as 2a, designed to inhibit gene expression, targets G4 RNA in the 5’-UTR of
the KRAS transcript under cellular conditions in which the transcript is typically low

abundant.

Capacity of compounds 2a and 2b to repress translation in pancreatic cancer cells
After having demonstrated that ATPD and ATFD bind to RG4s in the KRAS transcript,
we asked if they inhibit the translation of the oncogene in pancreatic cancer cells. First, we
performed a dual-luciferase assay as a proof-of-principle. We used a plasmid where Renilla
luciferase was driven by the KRAS promoter including 5’-UTR (pRL-KRAS). To determine
the transfection efficiency, we used pHRAS-mutA-luc, in which Firefly luciferase is driven
by a mutated HRAS promoter, which does not bear G4 motifs (Fig. 7 A). ”' Panc-1 cells
were first treated for 6 h with increasing amounts of 2a, 2b and with the guanidine
analogues 1a and 1b (from 0.3 to 1.6 uM), then with the luciferase vectors. The ratio

between Renilla and Firefly luciferases was measured 48 h after transfection. It can be seen
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that 2a and 2b at concentrations between 0.3 and 1.6 uM dramatically lower luciferase,
much more than the reference guanidine analogues (Fig. 7 B). When 2a was used at lower
concentrations, between 0.07 and 0.33 uM, a clear dose-response inhibitory effect was
observed (Fig. 7 C). If one considers that the four ligands have similar affinity for utr-z (and
also for the other RG4s) but different uptake in Panc-1 cells, there is a clear correlation
between luciferase inhibition and uptake. The higher the uptake (2a and 2b), the higher the
luciferase inhibition”

It might be argued that the luciferase repression mediated by 2a and 2b is due to the
binding of the ligands not only to the RG4s in 5’-UTR but also to G4 in the KRAS

23,72,73
promoter.

To address this point, we prepared a vector where Renilla luciferase is
driven by the cytomegalovirus (CMV) promoter. At the 3’-end of CMV promoter we
inserted the KRAS 5’-UTR (pRL-CMV-UTR). As the CMV promoter does not form G4
structures, the strong binding sites for 2a are only located in the 5’-UTR sequence. As a
reference vector we used pHRAS-mutA-luc. The dual luciferase assay showed that 2a
represses Renilla luciferase expression in a dose response manner, suggesting that the
presence of KRAS 5’-UTR alone is sufficient to promote the repression of luciferase. (Fig.
8, left panel). The inhibition is observed with higher ligand concentrations than those used
with plasmid pRL-KRAS, because the CMV promoter is stronger than the KRAS promoter.
We then measured the effect of 2a on pRL-CMV, which lacks the KRAS 5’-UTR
downstream of the CMV promoter. In this case 2a did not repress Renilla luciferase, in
agreement with the fact that G4 is not present in this construct (Fig. 8, right panel). This
experiment supports the conclusion that 2a upon binding to RG4 in the 5’-UTR of KRAS
inhibits translation. We cannot rule out that the compounds also bind to the KRAS promoter.

However, considering that: (i) the G4 ligands accumulate more in the cytoplasm than in the

nucleus (Supp. data, S5); (ii) there are many copies of RNA targets in the cells, even under
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mRNA low-abundance cellular conditions, 2a and 2b are expected to bind more favourably

to G4 in mRNA than in promoter DNA.

Effect of 2a and 2b on KRAS expression in pancreatic cancer cells

As the designed compounds, in particular 2a, decrease the luciferase from vectors
containing the KRAS 5’-UTR, we asked if these G4 ligands are also able to inhibit the
expression of genomic KRAS in pancreatic cancer cells. We measured by quantitative RT-
PCR the level of KRAS transcript in Panc-1 cells after 6 and 24 h of treatment. The results
showed that while 2b, 1a and 1b did not lower the level of mRNA, 2a reduced it to about
50 % of the control, at both time points. By contrast, all the compounds displayed a strong
capacity to suppress the KRAS protein. In particular 2a and 2b, which are efficiently taken
up by Panc-1 cells, brought the protein down to < 10 % of the control (Fig. 9 A, B). In the
light of these results we concluded that 2a and 2b inhibit KRAS mainly at translational
level. Moreover, both luciferase and western blot data show that compound 2a is slightly
more active than 2b; possibly because 2a has a higher capacity to penetrate cell membrane
than 2b, and a fraction of it may also target G4 in the KRAS promoter.

Pancreatic cancer cells, being addicted to KRAS, respond to the repression of the
oncogene by activating apoptosis. * We found indeed that 2a and to a lesser extent 2b
caused a strong activation of caspases 3/7 (Fig. 10 A). In contrast, the reference compounds
1a and 1b showed a much weaker caspase activation. To confirm the activation of apoptosis
we also performed an annexin/propidium iodide assay (Fig. 10 B). This is based on the
observation that an early event occurring in apoptosis is the translocation of
phosphatidylserine from the inner to the outer leaflet of the plasma membrane, thus
exposing the phospholipid to the external cell environment. Annexin V, a

phosphatidylserine recognizing protein labeled with FITC, can be used to detect this event
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by FACS. Early and late apoptosis can be distinguished by using both annexin V and
propidium iodide (PI).”® The experiment showed that 1.6 M 2a and 2b increased the
population of apoptotic cells 72 h after treatment: untreated Panc-1 cells (apoptotic cells ~
1.2 %); Panc-1 cells treated with 2a (apoptotic cells ~ 32.5 %), Panc-1 cells treated with 2b
(apoptotic cells ~ 20.6 %).

Finally, the metabolic activity of Panc-1 cells treated with the designed compounds was
evaluated by a resazurin assay. Compound 2a causes an inhibition of the metabolic activity
(ICsp= 0.26 uM) stronger than 2b (ICso= 0.9 uM) (Fig. 10 C). Moreover, 2a caused a strong
inhibition (~ 80 %) of colony formation in two pancreatic cancer cells: Panc-1 and BxPC-3

(Supp. data, S7).

CONCLUSION
By setting up a streptavidin-biotin pull-down assay, we have demonstrated that 2a, an

anthrafurandione with aminoethylamino side chains, which efficiently internalizes and
accumulates in the cytoplasm of Panc-1 cancer cells, targets KRAS mRNA under low-
abundance cellular conditions. Luciferase assays with specific vectors showed that 2a and
its anthrathiophenedione analogue 2b repress translation in a dose-response manner,
suggesting that they have a great potential in cancer therapy. Indeed, western blots showed
that these molecules strongly decrease the KRAS protein in Panc-1 cancer cells. Moreover,
the compounds activate apoptosis, as indicated by the caspase 3/7 and annexin/propidium
iodide assays, and reduce the metabolic activity as well as the colony formation of the cells.

The mechanism of action of the designed compounds 2a and 2b is based on their capacity
to bind to G4 structures located in the 5’-UTR of KRAS mRNA. The presence of these
folded structures in mRNA has been demonstrated by immunostaining in fixed cells.”® A

recent study by Guo and Bartel casts doubts on the existence of RG4s under in vivo
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conditions, as the authors found that RG4s are globally unfolded by single-stranded binding
proteins.”’ If this is also true for the KRAS transcripts in pancreatic cancer cells, compounds
2a and 2b could inhibit translation by competing the binding of the single stranded-binding
proteins to the RNA G4-motifs.

Finally, having established in cancer cells that 2a and 2b have a potential as anticancer
agents, the next step will be in vivo testing. As pancreatic cancer cells are addicted to KRAS,
therapeutics targeting this oncogene should be much more injurious for the malignant cells

than for normal cells.

EXPERIMENTAL
Oligonucleotides. The oligonucleotides used in this study have been purchased from
Microsynth (Switzerland). Oligonucleotide solutions in DEPC-treated milliQ water have

been conserved at -80 °C. The sequences are reported in Table 1 and Supp. data, S8.

Synthesis of 2a, 2b, 1a, 1b and biotinylated ligand b-2a

General information

NMR spectra were recorded on a Varian VXR-400 instrument operated at 400 MHz
(*H NMR) and 100 MHz (*C NMR). Chemical shifts were measured in DMSO-dj using
tetramethylsilane as an internal standard. Analytical TLC was performed using Silica Gel
F»s4 plates (Merck) and column chromatography with a SilicaGel Merck 60. Melting points
were determined using a Buchi SMP-20 apparatus and are uncorrected. High-resolution
mass spectra were recorded with electron-spray ionization using a Bruker Daltonics
microOTOF-QII instrument. UV spectra were recorded on a Hitachi-U2000
spectrophotometer. HPLC was performed using a Shimadzu Class-VP V6.12SP1 system.

All solutions were dried over Na,SO, and evaporated at reduced pressure using a Buchi-
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R200 rotary evaporator at a temperature below 45 °C. All products were vacuum dried at
room temperature. All solvents, chemicals and reagents were obtained commercially and
used without purification. The ligands 2a, 2b, 1a and 1b have been synthesized as
previously described. ® ® The purity of final conjugates b-2a was > 95 % as determined by

HPLC analysis (Supp. data, S9).

Synthetic procedures
tert-Butyl(6-(5-((3aS,4S, 6aR)-2-oxohexahydro- 1 H-thieno[3,4-d]imidazol-4-yl)
pentanamido)-hexyl) carbamate (2, N-Boc-HDA-Biotin)

N-Boc-1,6-diaminohexane (0.50 g, 2.05 mmol) was added to a stirred solution of
biotin (1, 0.50 g, 2.05 mmol), N-methylmorpholine (NMM, 0.23 mL, 2.05 mmol) and 1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid
hexafluorophosphate (HATU, 0.77 g, 2.05 mmol) in dry DMF (20 mL). The reaction
mixture was stirred overnight at room temperature, diluted with water and the product was
extracted with ethyl acetate (2 x 25 mL). The extract was washed twice with water, dried
and evaporated. The residue was purified by using column chromatography with
chloroform-methanol (1:0013:1) as the eluting solvent. The solid precipitate was
recrystallized from n-propanol to give 0.84 g (89 %) of the white powder of N-Boc-HDA-
Biotin (2); ® mp 173-176 °C; "H NMR (400 MHz, DMSO-dy) & 7.73 (t, 1H, J = 5.4 Hz,
NH); 6.77 (t, 1H, J = 5.0 Hz, NH); 6.43 (br s, 1H, NH-Biotin); 6.36 (br s, 1H, NH-Biotin);
4.31-4.28 (m, 1H, CH); 4.13-4.11 (m, 1H, CH); 3.11-3.06 (m, 1H, SCHCH,); 3.01 (dd, 2H,
J' =62,/ =7.8 Hz, NCH,); 2.89 (dd, 1H, J' = 6.0, /° = 7.2 Hz, NCH,); 2.81 (dd, 1H, J' =
5.2, J° = 7.5 Hz, SCHH); 2.57 (d, 1H, J = 12.4 Hz, SCHH); 2.03 (t, 2H, J = 7.5 Hz,
COCH,CHy); 1.60-1.20 (m, 23H, C(CHs;)3, 7CH;); HRMS (ESI) calculated for

C21H30N404S" [M+H]" 443.2687, found 443.2673.
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N-(6-Aminohexyl)-5-((3aS,4S, 6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-
vl)pentanamide trifluoroacetate (HDA-Biotin, 3)

A solution of N-Boc-HDA-Biotin (2, 0.80 g, 1.81 mmol) in the mixture of DCM (10.0
ml) and TFA (2.0 ml) was stirred for 3 h at the room temperature. The solvent was
evaporated and residue re-precipitated from warm water with acetone. The precipitated
crystals were filtered, washed with acetone and dried to yield 0.72 g (87 %) of HDA-Biotin
(3); mp 92-95 °C; 'H NMR (400 MHz, DMSO-d;) & 7.76 (t, 1H, J = 5.4 Hz, NH); 7.70 (br
s, 3H, NHj3); 6.42 (br s, 1H, NH-Biotin); 6.37 (br s, 1H, NH-Biotin); 4.32-4.29 (m, 1H,
CH); 4.14-4.11 (m, 1H, CH); 3.11-3.06 (m, 1H, SCHCH,); 3.01 (dd, 2H, J' = 6.0, ' = 6.8
Hz, NCH,); 2.82 (dd, 1H, J' = 5.0, /° = 7.5 Hz, SCHH); 2.76 (dd, 1H, J' = 6.0, /* = 7.2 Hz,
NCHy); 2.58 (d, 1H, J=12.6 Hz, SCHH); 2.04 (t, 2H, J = 7.5 Hz, COCH,CH); 1.64-1.24
(m, 14H, 7CH,); HRMS (ESI) calculated for C1¢H3N4O,S" [M+H]" 343.2162, found

343.2156.

Biotinyl-N-(6-aminohexyl)-4, 1 I-dimethoxy-35, 1 0-dioxo-3, 1 0-dihydroanthra( 2, 3-b] furan-2-
carboxamide (5)

A mixture of 4,11-dimethoxyanthra[2,3-b]furan-5,10-dione-2-carboxylic acid (4 66,
0.30 g, 0.85 mmol), ethyldiisopropylamine (DIPEA, 0.5 ml, 3.00 mmol), biotinyl-N-(6-
aminohexyl)amine trifluoroacetate (3, 0.39 g, 0.85 mmol) and benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP, 0.52 g, 1.00 mmol) in DMSO
(15 ml) was stirred at room temperature for 1 h. The reaction mixture was diluted with
water and the product was extracted with ethyl acetate (2 x 20 mL). The extract was washed
twice with water, dried and evaporated. The residue was purified by using column
chromatography with chloroform-methanol (1:0013:1) as the eluting solvent. The yield of

the orange solid of § was 0.46 g (80 %); mp 132-134 °C; 'H NMR (400 MHz, DMSO-dy)
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8.87 (t, IH, J = 5.9 Hz, NH); 8.05-8.03 (m, 2H, 6,9-H); 7.88 (s, 1H, 3-H); 7.82—7.80 (m,
2H, 7,8-H); 7.76 (t, 1H, J= 5.3 Hz, NH); 6.44 (br s, 1H, NH-Biotin); 6.37 (br s, 1H, NH-
Biotin); 4.31-4.27 (m, 1H, CH); 4.12 (s, 3H, OMe); 4.07 (s, 3H, OMe); 4.13-4.12-4.10 (m,
1H, CH); 3.28 (dd, 2H, J' = 6.2, J° = 6.8 Hz, NCH,); 3.10-3.06 (m, 1H, SCHCHy,); 3.02
(dd, 2H, J' = 6.0, / = 7.0 Hz, NCH,); 2.81 (dd, 1H, J' = 4.9, = 7.5 Hz, SCHH); 2.56 (d,
1H, J = 12.3 Hz, SCHH); 2.04 (t, 2H, J = 7.1 Hz, COCH,CH,); 1.59-1.25 (m, 14H, 7CH,);
*C NMR (100 MHz, DMSO-dj) 5 182.05 (C=0); 181.65 (C=0); 171.87 (N-C=0); 162.75
(N-CO-N); 156.92 (N-C=0); 151.61 (C); 150.47 (2C); 142.60 (C); 133.99 (C); 133.80 (C);
133.64 (C); 127.30 (C); 123.33 (C); 120.43 (C); 133.98 (CH); 126.10 (CH); 126.00 (CH);
108.44 (CH); 61.81 (CH); 61.71 (CH); 61.07 (OCH3); 59.22 (OCHs); 55.47 (CH); 39.86
(CH,); 38.95 (CHy); 38.31 (CH2); 35.25 (CH,); 29.15 (CH,); 29.00 (CH,); 28.24 (CH,);
28.06 (CH,); 26.19 (CH,); 26.14 (CH,); 25.38 (CH,). HRMS (ESI) calculated for

C3sH41N4OsS™ [M+H]" 677.2640, found 677.2612.

4,11-bis((2-Aminoethyl)amino)-biotinyl-N-(6-aminohexyl)-5, 10-dioxo-35, 1 0-
dihydroanthra[2,3-b]furan-2-carboxamide (6, b-2a)

A mixture of compound 5 (0.27 g, 0.40 mmol) and ethylenediamine (1.5 mL) in THF
(5.0 mL) was heated at 50 °C for 2-3 h. During this time, the yellow color of the reaction
mixture changed to dark blue, and after the complete conversion of 5 (as determined by
TLC) the solution was cooled and quenched with water. An aqueous solution of HCI (1%)
was added to make the pH=8.0, the solution was saturated with NaCl, and the product was
extracted with warm n-butanol (3 x 25 mL). The extract was washed twice with brine, dried
and evaporated. The residue was purified by column chromatography using chloroform-
methanol-concentrated NH4OH (10:2:00110:4:1) as the eluting solvent. The purified residue

was dissolved in a warm aqueous solution of HCI (1N) and re-precipitated with acetone.
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The precipitated crystals were filtered, washed with acetone and dried to yield 0.22 g (68%)
of the dark blue powder of dihydrochloride 6; mp 204-206 °C (decomp.); HPLC Kromasil-
100-5-mkm C-18 column (4 x 250 mm, LW =260 nm), eluent: A — H;PO4 (0.01 M), B —
MeCN; gradient B 200160% (30 min), elution time 9.4 min, purity 96 %. 'H NMR
(400MHz, DMSO-ds) 6 12.18 (t, 1H, J=5.0 Hz, NH); 11.36 (t, 1H, J= 5.5 Hz, NH); 9.32
(t, 1H, J=5.4 Hz, NH); 8.55 (s, 1H,3-H); 8.41 (br s, 3H, NH3); 8.25-8.22 (m, 2H, 6,9-H);
8.18 (br s, 3H, NH3); 7.82 (br s, 1H, NH); 7.80-7.78 (m, 2H, 7,8-H); 6.44 (br s, 1H, NH-
Biotin); 6.39 (br s, 1H, NH-Biotin); 4.31-4.28 (m, 1H, CH); 4.13-4.10 (m, 3H, CH, NCH,);
4.08-4.06 (m, 2H, 2NCH,); 3.29-3.26 (m, 4H, 2NCH,); 3.10-3.06 (m, 1H, SCHCH,); 3.05-
3.00 (m, 2H, NCH>); 2.81 (dd, 1H, J' = 5.1, / = 7.3 Hz, SCHH); 2.57 (d, 1H, J = 12.4 Hz,
SCHH); 2.05 (t, 2H, J = 7.3 Hz, COCH,CH,); 1.60-1.30 (m, 14H, 7CH,). HRMS (ESI)

calculated for C37HsoNsOS™ [M+H]" 733.3490, found 733.3494.

Cell culture, metabolic activity and proliferation assays

Panc-1 and BxPC-3 cells (Human pancreatic cancer cells) were maintained in
exponential growth in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 100
U/mL penicillin, 100 mg/mL streptomycin, 20 mM L-glutamine and 10 % fetal bovine
serum (Euroclone, Italy). The cell lines have been genotyped by Microsynth (Switzerland)
to verify their identity. They matched 100 % with the DNA-profiles of Panc-1
(ATCC® CRL-1469TM) and BxPC-3 (ATCC® CRL-1687TM). The metabolic activity
assay was performed by seeding the cells (10 x 10° cells/well) in a 96-well plate. After one
day the cells have been treated with the compounds and after an incubation of 72 hours the
resazurin assay was performed following a standard procedure.

Colony forming assays have been carried out with Panc-1 and BxPC-3 cells plated in a 60-

mm plate and treated with 0.25 and 0.5 uM 2a or 1 and 1.5 uM 2b. After 18 days, the cells
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were fixed and stained for 10 min with 2.5 % methylene blue in 50 % ethanol. Colonies

with > 50 cells were counted.

Circular dichroism spectra and UV-melting curves

CD spectra have been obtained on a JASCO J-600 spectropolarimeter, equipped with a
thermostated cell holder, with 5 uM oligonucleotide solutions in 50 mM Na-cacodylate pH
7.4, 100 mM KCl or LiCl (RNase free). The CD spectra (for KRAS utr-1, utr-c and utr-z)
and NRAS were registered at 25 and 90 °C. Spectra were recorded in 0.5 cm quartz cuvette.
The spectra were calculated with J-700 Standard Analysis software (Japan Spectroscopic
Co, Ltd). Each spectrum was recorded three times, smoothed and the baseline subtracted.
UV melting curves were obtained by using JASCO V-750 UV-visible spectrophotometer
equipped with a temperature control system that heat/cool the sample through a Peltier
technology (ETCS-761) (Jasco, USA). Melting curves were recorded at 260 and 296 nm in
a 0.5 cm path length quartz cuvette heating the sample from 20 to 100 °C. The samples
were prepared at a final concentration of 5 uM in 100 mM KCl and 50 mM Na-cacodylate,
pH 7.4. Incubation with increasing amount of the molecules (2a and 2b) (=1, 2 and 4) was

performed for 1 h at room temperature.

RNase T1 footprinting and electrophoretic mobility-shift assay

Single-stranded RNAs were purified by PAGE and 5’-end labeled with T4
polynucleotide kinase (ThermoFisher, USA) and [**P]-ATP (Perkin Elmer, USA) for 1.5 h
at 37 °C. RNase T1 footprinting were performed with 30 nM s-80 heated for 5 min at 85°C

and then incubated overnight at 25 °C in 10x Structure Buffer (RNase T1 Biochemistry
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Grade, ThermoFisher, USA) with 100 mM KCI or LiCl. The reactions were performed with
0.05 units of RNase T1 (ThermoFisher, USA) for 10 min at 25 °C and stopped with 20 ul
inactivation/precipitation buffer (ThermoFischer, USA). RNA was let to precipitate at -80
°C for 2 h and centrifuged for 30 min at 13000 rpm. Precipitated RNA was resuspended
with loading buffer (ThermoFisher, USA), heated for 5 min at 95 °C and electrophoresed
on a 20 % denaturing gel, pre-equilibrated at 55 °C in a Sequi-Gen GT Nucleic Acids
Electrophoresis Apparatus (Bio-Rad, USA), equipped with a thermocouple that allows a
precise temperature control. EMSA assays were performed with 20 nM utr-z or s-80 labeled
at the 5°-end with [*’P]-ATP. The mixture was incubated for 30 min at 37 °C with
increasing concentrations of antibody BG4 (1 and 2 pg). BG4 was produced according to
Studier et al. " The samples were run in a 5 % TBE 1x gel for 2 h. After running, the gel
was fixed in a solution containing 10 % acetic acid and 10 % methanol, dried at 80 °C and

exposed to Hyperfilm MP (GE Healthcare) for autoradiography.

Western blots

Total protein lysates (15 pg) were electrophoresed on 12 % SDS-PAGE and transferred
to a nitrocellulose membrane at 70 V for 2 h. The filter was blocked for 1 h with 5 % BSA
solution in PBS 0.05 % Tween (Sigma-Aldrich, USA) at room temperature. The primary
antibodies used are anti-actin (clone JLA20, [gM mouse, 1x10* pg/mL, Calbiochem,
Merck Millipore, Germany), anti-KRAS (IgG rabbit polyclonal antibody, diluted 1:250, ab
102007, Abcam, United Kingdom). Membranes with the samples were incubated overnight
at 4 °C with primary antibodies. The filters were washed with a 0.05 % Tween in PBS and
subsequently incubated for 1 h with the secondary antibodies horseradish peroxidase

conjugated: anti-mouse IgM (diluted 1:2000) and anti-rabbit [gG (diluted 1:5000)
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(Calbiochem, Merck Millipore, Germany). The signal of the proteins was developed with
Super Signal ®West PICO, and FEMTO (Thermo Fisher, USA) and detected with

ChemiDOC XRS, Quantity One 4.6.5 software (BioRad Laboratories, USA).

RNA extraction and quantitative real-time PCR

Panc-1 cells were plated in a 96-well plate (18 x 10° cells/well). The following day (24
h), we treated the cells with 2a, 2b, 1a and 1b and total RNA was extracted by using iScript
™ RT-qPCR Sample Preparation Reagent (BioRad, USA) 6 and 24 hours after treatment,
following the manufacturer’s instructions. For the cDNA synthesis, 1.25 pl of RNA was
heated at 70 °C and placed on ice. The solution was added with 11.5 pl of a mix containing:
1x buffer, 0.01 M DTT (Invitrogen, USA), 1.6 uM primer dT [MWG Biotech, Germany;
d(T)i6], 1.6 uM random hexamer primers (Mycrosynth, Switzerland), 0.4 mM dNTPs
solution containing equimolar amounts of dATP, dCTP, dGTP and dTTP (Euroclone, Italy),
0.8 U/ul RNase OUT, 8 U/ul of M-MLYV reverse transcriptase (Invitrogen, USA). The
mixtures were incubated for 1 h at 37 °C and stopped by heating at 95 °C for 5 min. As a
negative control the reverse transcription reaction was performed with a sample containing
DEPC-treated water.
To determine the levels of KRAS and housekeeping genes hypoxanthine-guanine
phosphoribosyltransferase (HPRT) and 2-microglobulin, quantitative real-time multiplex
reactions were performed. We used 1 x Kapa Probe fast qPCR kit (KAPA Biosystems,
USA), 2.2 ul of cDNA and primers/probes (sequences are reported in Supp. data, S8). The
PCR cycle was: 3 min at 95 °C, 50 cycles 10 s at 95 °C, 60 s at 58 °C. PCR reactions were
carried out with a CFX-96 real-time PCR apparatus controlled by an Optical System
software (version 3.1) (Bio-Rad Laboratories, USA). The KRAS transcript level was

normalized with the housekeeping genes.
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Dual luciferase assays

Panc-1 cell were plated (20 x 10”) and the following day treated with increasing
concentrations of compounds 2a, 2b, 1a and 1b (0.3-1.6 uM). After 6 h of treatment, the
cells were transfected with the plasmids. The 192 nt of KRAS 5’UTR (NM_033360) was
cloned between Hind III and Nhe I of pRL-CMV plasmid (GenScript, USA). Transfection
was performed by mixing vectors (10 ng/well) p-light-SwitchGear KRAS (SwitchGear
Genomics,USA) (in the text pRL-KRAS) or pRL-CMV-UTR or pRL-CMV (Renilla
luciferase) with 200 ng of control plasmid (pHRAS-mutA-luc) (Firefly luciferase) using
jet-PEI (Polyplus, France) as transfectant agent. Renilla luciferase in cell lysates was
measured and normalized by Firefly luciferase. Luciferase assays were performed 48 h after
transfection with Dual-Glo Luciferase Assay System (Promega, USA) following the
supplier instructions. Samples were read on a Turner Luminometer and the relative
luminescence expressed as (T/C x 100) where T= Renilla luciferase/Firefly luciferase in

treated cells and C= Renilla luciferase / Firefly luciferase in untreated cells.

Uptake analysis

Panc-1 cells were plated in a 24-well plate at density of 5 x 10* cells/well. After one
day, the cells were treated with the molecules: time and concentration as indicated in figure
captions. The cells were trypsinized and pelleted. The pellets were resuspended in 200 pl
PBS and immediately analyzed by FACScan Flow Cytometer (Becton Dickinson, USA)
equipped with a 488 nm argon laser. A minimum of 10* cells for each sample were acquired
in list mode and analyzed using Cell Quest software. The cell population was analyzed by

FSC light and SSC light. The signal was detected by FL3 (680 nm) channel in log scale.
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Apoptosis assays

Caspase activity assay was performed with Apo-ONE™ Homogeneous Caspase-3/7
Assay (Promega, USA), according to the manufacturer’s protocol. Annexin V—propidium
iodide assay was performed with Annexin V Apoptosis Detection Kit (Santa Cruz, USA),
following the manufacturer’s instructions. Flow cytometry measurements were performed

with FACScan Flow Cytomer (Becton Dickinson, USA).

Biotin-streptavidin pull-down experiments

Calibration plot. To construct the calibration plot for biotin-streptavidin pull down
assays, we prepared several mixtures of 115- and 89-nt sequences in 50 mM Tris-HCL, pH
7.4, 100 mM KCI at total concentration of 0.2 uM and 115-nt/89-nt ratio varying from 1 to
5000. The mixtures have been amplified with KAPA2G Robust HotStart PCR Kit (KAPA
Biosystems, USA) using the same couple of primers (sequences reported in Supp. data, S8)
(0.5 uM) and ANTPs (0.2 mM). The program was: 5 min 95 °C, 15 sec 95 °C, 15 sec 55 °C,
30 sec 72 °C, 35 cycles. The products have been separated by 8% PAGE and the bands
stained with ethidium bromide. Their intensities were measured with a ChemiDOC XRS,
Quantity One 4.6.5 software (BioRad Laboratories, USA). We reported in a plot the ratio of
the intensities of the amplified bands (115-nt/89-nt) as a function of the logarithm of the
ratio (r) of the two sequences in the mixtures. We obtained a straight line that correlated the
band intensities with the mixture composition.
Pull-down with cellular RNA. Total RNA was extracted from Panc-1 cells and its
concentration was measured by UV absorption. 8 pg of cellular RNA in 50 mM KCI, 50
mM Tris-HCI, pH 7.4 was incubated overnight with increasing concentrations of b-2a (from
0.4 to 0.8 uM). We incubated the magnetic beads, after saturation with ssDNA (vide infra)

with cellular RNA treated with the biotinylated ligand for 20 min at 25 °C. The supernatant
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was removed and the beads washed twice with Tris buffer. We then recovered the bound
RNA with a solution 0.8 M NaCl. The recovered RNA was retro-transcribed with 0.8 U/ul
RNAse OUT; 8 U/ul of M-MLYV reverse transcriptase (Life Technologies, Thermo Fisher,

USA) and amplified by quantitative real-time PCR (vide infra). We amplified KRAS and the

housekeeping genes HPRT and 2-microglobulin (for primers see Supp. data, S8).

Table 1. G4 motifs in s-80, the first 80 nt in the KRAS 5’-UTR mRNA.

Position | Sequence (5’>37) G/IC® | G-score | Ty™® | G4-RNA AG®©
(kcal/mol)
utr-1 | 16-30 GCGGCGGCGGAGGCA 4 21 53 -4.9
utr-z | 36-55 GGCGGCGGCAGUGGCGGCGG 2.6 21 64 -3.7
utr-c | 59-71 AGGUGGCGGCGGC 4 21 52 -5.6

@ G/C ratio of the G4 motifs (>1.5 favors G4 over loop-hairpin); >’
® 7, obtained in 50 mM Na-cacodylate, pH 7.4, 100 mM KCI;

© AGs (298 K) obtained from UV-melting curves, using a two-state model.

Table 2. Kp values relative to the interaction between KRAS G4 RNAs and ligands 2a and
2b.

Sequence (5°237) 2a 2b
Kp (nM) @ Kp (nM) @
utr-1 GCGGCGGCGGAGGCA 75+ 6 9115
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utr-z GGCGGCGGCAGUGGCGGCGG 251 £ 151 294 £ 138
utr-4 ¥ CAGCAGCGGCGGCGGCAGUGG 96 £ 45 83 +27
WC hairpin CCGCCGCAGUGGCGGCGG 514+ 103 482 £ 109

@ obtained from fluorescence titrations in 50 mM Tris-HCI, pH 7.4, 100 mM KClI;
® G4 motif present in the KRAS 5’UTR that overlaps other G4 motifs;
© W.C. RNA hairpin with 7-C:G stem and 4-nt loop (AGUG) .
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Figure 1. (A) Primary structure of the 5’-UTR of the human KRAS transcript. The sequence
47 is very rich in guanines (77 % GC) and contains 33 GG-runs; (B) Predicted secondary
49 structure of the first 80 nt of 5°-UTR (s-80) given by Mfold. ** In s-80 there are 3 putative
non-overlapping G4 motifs utr-1, utr-z and utr-c, indicated with coloured arrows on the
52 stem-loop structure. According to QGRS the G4 motifs have a G-score= 21; (C) Cartoon
54 showing the three non-overlapping G4 RNAs and the structure of a G-tetrad.
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Figure 2. (A) Circular dichroism spectra at 25 and 90 °C of 5 uM NRAS, utr-1, utr-c and
utr-z RG4s in 50 mM Tris-HCI, pH 7.4, 100 mM KCI (or 100 mM LiCl); for NRAS the
KCI or LiCl concentration was 20 mM. The spectra were obtained in 0.5 cm cuvette; (B)
UV-melting curves of 5 uM utr-1, utr-z and utr-c in 50 mM Na-cacodylate, pH 7.4, 100
mM KCI or LiCl. The curves were obtained measuring the absorbance at 296 nm. The
absorbance was normalized with the value at 20 °C; (C) EMSA in 50 mM Tris-HCI, pH 7.4,
100 mM KCI of mixtures containing NRAS RG4 and BG4 (lanes 2 and 3 from left) or utr-z
RG4 and BG4 (lanes 5 and 6 from left). BG4 was used at 1 and 2 ug and the gel was 5 %
polyacrylamide in TB.
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Figure 3. (A) Stem-loop structure of the first 80 nt of KRAS 5’-UTR (s-80) given by Mfold.
Sequence s-80 is in equilibrium with an alternative structure characterized by 3 non-
overlapping G4 RNAs; (B) EMSA in 5% polyacrylamide, TB 1X, of mixtures between
BG4 and s-80 or RNA hairpin (hair) 5’-GGCCGCCGCAGUGGCGGCGG or ssRNA 5°-
UGUAAACAUCCUACACUCAGCU in 50 mM Tris-HCI, pH 7.4, 100 mM KCl (K'-
buffer) or 100 mM LiCl (Li'-buffer). Except mixture 4, all have been prepared in K -buffer.
Loading: s-80 (lane 1); s-80 + 1 pg BG4 (lane 2); s-80 + 2 ug BG4 (lane 3); s-80 + 1 pg
BG4 in Li -buffer (lane 4); hair (lane 5), hair + 1 ng BG4 (lane 6); ssRNA (lane 7); ssRNA
+ 1 pg BG4 (lane 8). (C) RNase T1 footprinting of s-80. Loading from left to right: alkaline
RNA fragmentation (Seq); RNase T1 reaction in urea (urea), in K'-buffer (K100), in Li'-
buffer (Li100), in K'-buffer + 2a (r=4) to see if the hairpin=G4 equilibrium is shifted by the
ligand (2a), in K'-buffer with 150 mM KCI (K150) in Li'-buffer with 150 mM (Li150). The
bottom band (band 7) matches the mobility of a 7-mer fragment.
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Figure 4. (A) Fluorescence emission spectra in 50 mM Tris-HCI pH 7.4, 100 mM KCI (K-

buffer) of 0.2 uM ThT in the presence of increasing amounts of 80-mer RNA fragment s-80
(top panel) or RNA hairpin 5’-GGCCGCCGCAGUGGCGGCGG (bottom panel); (B)

Structure of thioflavin T (ThT) and increase of fluorescence quantum yield at 485 nm of

ThT following addition of increasing amounts of s-80 or hairpin in K'-buffer and Li -buffer

(50 mM Tris-HCI pH 7.4, 100 mM LiCl).
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26 Figure S. (A) Structures of ATFD 2a, 1a and ATPD 2b, 1b. Two amine- or guanidine-alkyl

side chains have been attached to the ring system of the molecules; (B) Flow cytometry data

29 showing the uptake of 3 uM compounds by Panc-1 cells after an incubation of 4 h. The two

31 alkylamine compounds 2a and 2b are taken up more than the guanidine analogues; (C) ATu

34 50 mM Tris-HCI, pH 7.4, 100 mM KCI.

is the Ty increase of utr-z, utr-1 and utr-c G4 RNAs caused by 2a and 2b at r=1, 2 and 4, in
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Figure 6. (A) Structure of b-2a conjugated with biotin; (B) Total cellular mRNAs contain
KRAS mRNA with G4 RNA in the 5’-UTR. G4-RNA is bound by b-2a. HPRT is not bound
or little bound by b-2a; (C) The streptavidin-biotin pull-down assay: b-2a pulls-down
preferentially G4-motif mRNAs. The recovered mRNA was used to determine by RT-qPCR
the amounts of KRAS and HPRT mRNAs; (D) The histograms show the ratio of
KRAS/HPRT mRNAs in the input, i.e. total cellular extract, (fixed to 1) and in the recovered
RNA from a total cellular extract treated with increasing amounts of b-2a. An enrichment

of KRAS over HPRT of nearly 3-times was obtained, suggesting that the biotinylated

ligands bind to KRAS mRNA within the total cellular extract.

ACS Paragon Plus Environment

Page 42 of 47



Page 43 of 47 Journal of Medicinal Chemistry

A KRAS Mutated HRAS

romoter
Renilla P Firefly promoter (no G4)

luciferase PRL-KRAS PHRAS-MIAS

luciferase luc

KRAS 5’-UTR

oNOYTULT D WN =

A NH2 H
9 O HN o Hﬁ‘/\/NXNH,
10 i \‘ ) I/\/u\/\/\\) NH
Z g 7
S Z Z~5 NH

11 e Y L Y
0 HN N2 O NH H
‘/\NH, o HN/\/N NH, o] N"‘/\uANHZ

3 B COLR

d NH C
14 o] NH\/\NMZ ] NM\/\u NH,

15 L f—*—‘r A \ 1 A \ . 1

16 100

80

60
20 40

%
T/C x 100

T/C x 100

22 20
23 0

O
S
Q" QO QO O O ©

Q' Ny N o o

Ligand (uM)

29 Figure 7. (A, B) Dual luciferase assay showing the effect of compounds 2a, 2b, 1a and 1b
31 (0-1.6 uM) on Renilla luciferase driven by the KRAS promoter comprising the 5’-UTR
33 (pRL-KRAS). As reference, we used a plasmid in which Firefly luciferase was driven by
34 the HRAS promoter mutated in order to abolish its capacity to form quadruplex structures. !
36 The assay shows that 2a strongly inhibit luciferase expression. Also 2b shows a strong
inhibitory activity; (C) Panc-1 cells treated with 2a at lower concentrations (0-0.33 uM), a
39 dose-response reduction of luciferase is observed. T=Renilla/Firefly in treated cells,

41 C=Renilla/Firefly in untreated cells. * P< 0.05.
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Figure 8. Dual luciferase assay with Renilla luciferase plasmid pRL-CMV-UTR or pRL-
CMV and Firefly luciferase plasmid pHRAS-mutA-luc. Left histograms show a strong
dose-response luciferase reduction caused by increasing amounts of 2a (0-1.6 uM), while
the right panel shows that when the KRAS 5’-UTR is removed, the luciferase reduction is
not observed, suggesting that the inhibitory effect is mediated by 5’-UTR. T=Renilla/Firefly
in treated cells, C=Renilla/Firefly in untreated cells. * P< (.05.
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Figure 9. (A) Quantitative RT-PCR of KRAS mRNA in Panc-1 cells treated for 6 and 24 h
29 with 1.6 uM 2a, 2b, 1a and 1b. Ordinate report the level of KRAS mRNA normalized to
31 B2-microglobulin and HPRT; (B) Western blot determination of KRAS protein and B-actin
33 in Panc-1 cells treated with 1.6 uM 2a, 2b, 1a and 1b for 48 h. * P<0.05.
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Figure 10. (A) Activation of caspase 3/7 in Panc-1 cells treated with 2a, 2b, 1a and 1b (0.8
and 1.6 uM). Compounds 2a and 2b show the higher activity than the analogues 1a and 1b;
(B) Annexin-Propidium assay of Panc-1 cells treated for 72 h with 2a (1.6 uM) and 2b (1.6
uM); (C) Metabolic activity in Panc-1 cells treated with increasing concentrations of 2a, 2b,

1a and 1b. Compound 2a shows the highest activity. * P< 0.05.
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