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ABSTRACT: In a previous study we have demonstrated that two neighboring G-

quadruplexes, hras-1 and hras-2, located immediately upstream of the major transcription o o™ 0-oNA

start site of HRAS, bind MAZ, a nuclear factor that activates transcription (Cogoi, S.; et al. A

Nucl. Acid Res. 2014, 42, 8379). For the present study we have designed G4 oligonucleotides

with anthraquinone insertions and locked nucleic acids (LNA) modifications mimicking o0 0 For:m
H3/HS :

quadruplex hras-1. Luciferase, qRT-PCR, and Western blot data demonstrate that these
constructs efficiently down regulate HRAS in T24 bladder cancer cells. The inhibitory
efficiency of the G4 oligonucleotides correlates with their nuclease resistance in the cell
environment. By chromatin immunoprecipitation we show that the association of MAZ to the
HRAS promoter is strongly attenuated by the designed G4 oligonucleotides, thus suggesting

that these constructs behave with a decoy mechanism.
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Mutations in the ras genes have been associated with A aciession . 100277 b
about one-third of all human cancers." In particular, MAZ
mutations in codon 12 of HRAS are found in more than 35% of Spl

bladder cancers.”® The ras genes encode for a GTP-binding ’_l I—‘ IJ

protein activating downstream signal pathways that control MAZ/Spl MAZ/Sp1

several cell functions including proliferation.” The involvement
of mutant HRAS in the pathogenesis of bladder cancer is well
established.*"® Bladder cancer is commonly treated with
cisplatin-based combination therapies, which, however, develop
drug resistance. As this limits the efficacy of the therapy,’
innovative therapeutic strategies are desirable. Given the central
role of mutant HRAS in the pathogenesis of bladder cancer, the
downregulation of this oncogene should inhibit cell growth
and/or sensitize cancer cells to chemotherapy.® To address this
issue, we focused on the HRAS region immediately upstream of
the major transcription start site (TSS), including two
neighboring G-rich quadruplex-forming sequences, namely,
hras-1 and hras-2, which play a critical role in transcription
regulation (Figure 1).”'" These two sequences overlap binding
sites for MAZ and Sp1, two zinc-finger transcription factors that
are essential for HRAS expression. By FRET experiments we
demonstrated that MAZ upon binding to the promoter unfolds
the G-quadruplexes.'” We proposed a regulatory mechanism
according to which the two quadruplex-forming sequences
behave as a molecular switch for the control of gene expression.
Under normal conditions, HRAS transcription is blocked by the
two G-quadruplexes. Transcription is then activated when MAZ
binds to and unfolds the G-quadruplexes, thus favoring the
formation of the activated transcription complex (Figure
1).'"" In the light of this regulatory model we have
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Figure 1. (A) Sequence of the HRAS promoter upstream of TSS. Two
neighboring G4 sequences, hras-1 and hras-2, form a molecular switch
that control transcription. (B) Decoy strategy.

hypothesized a decoy strategy to inhibit oncogenic HRAS in
human bladder cancer cells. According to this approach, when
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Table 1. Sequences of the Designed Anthraquinone G4 Decoys

Gd-decoy | 5> 30 Mw Mw ) £ Tu® Topology ¥
calculated | Measured | (260 nm) e)

7213 TCGGGTTHCGGGCGCAGGGCHCGGGCGG 9044.78 9045.74 268.72 63.8 Antiparallel

7214 THGGGTTGCGGGCGCAGGGCACGGGHGG 9108.78 9109.64 278.62 56.8 mixed P/A

7215 THGGGTTGCGGGCHCAGGGCACGGGCGG 9040.82 9040.68 275.12 60.0 Antiparallel

7216 TCGGGTTGCGGGCHCAGGGCACGGGHGG 9040.82 9042.63 275.12 55.0 mixed P/A

7217 TCGGGTTGCGGGCGCAGGGCACGGGCGG 8852.52 8853.18 276.50 56.2 Antiparallel

“H = 1,4-anthaquinone insertion; underlined bases are LNA modified. “Molecular weight measured by matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF). “Tys from UV-melting profiles of compounds in 100 mM KCl and 20 mM phosphate buffer, pH 7.4. dTopology of

the G4 decoys determined by circular dichroism.

short DNA fragments mimicking one of the HRAS G-
quadruplexes are delivered to the cells, they should compete
with the binding of the transcription factors MAZ and Spl to
the promoter, with the result that transcription will be
inhibited.

This nucleic-acid target strategy was first applied to block the
binding of NF-kB and STAT3 to the corresponding cis-
elements.'”~"” Recently, we employed decoy oligonucleotides
against KRAS in Panc-1 cells obtaining very promising results
both in vitro and in vivo.'® To suppress HRAS in cancer cells by
a decoy strategy, we designed quadruplex-forming (G4)
oligonucleotides with locked nucleic acids (LNA) modifications
and anthraquinone insertions.

The primary structure of these compounds is reported in
Table 1. The LNA modifications should increase the resistance
to nucleases,'” whereas the anthraquinone insertions, by
promoting 7-stacking interactions, should increase the stability
of the folded decoy oligonucleotides. The anthraquinone
chromophore is a well-known intercalator that has been used
in the development of G4 conjugates.”” To insert the
anthraquinone moiety into specific positions of the decoy
oligonucleotides, we used a 1,4-substituted anthraquinone
phosphoramidite” and synthesized the decoy oligonucleotides
in solid phase (Supporting Information, S1). The anthraqui-
none-modified G4 oligonucleotides have been purified by
HPLC and their molecular weights verified by matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry analysis (Table 1). The calculated and measured
molecular weights were in excellent agreement, with a
difference of <0.03%. The G4 decoys have been designed
with the sequence of the promoter HRAS segment called hras-1
(Figure 1), which is known to assume an antiparallel G-
quadruplex in the presence of KCI (S2).”'° All the compounds
were engineered with two or three LNA modifications and two
anthraquinone insertions, each replacing one nucleotide, in
positions H2/H4 (7213), H1/HS (7214), H1/H3 (7215), and
H3/HS (7216) (Figure 2A,B). Compound 7217 was instead
designed with only LNA modifications. By CD we examined if
the insertions modified the conformation of the G-quadruplex
formed by hras-1. Figure 2C shows the CD spectra of the
designed compounds in 100 mM KCl, 20 mM phosphate
buffer, pH 7.4. It can be seen that 7213, 7215, and 7217
maintain the antiparallel conformation with positive and
negative ellipticities at 290 and 260 nm,'” whereas compounds
7214 and 7216 adopt a mixed parallel/antiparallel (P/A) form
characterized by two positive ellipticities at 290 and 260 nm.*”
Thus, the positions of the anthraquinone insertions influence
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Figure 2. (A) Putative structure of the designed decoy oligonucleo-
tides reported in Table 1 with LNA modifications and anthraquinone
insertions H2/H4 (7213), H1/HS (7214), H1/H3 (7214), H3/HS
/(7216). (B) Structure of the anthraquinone insertion.”' (C) CD
spectra of the designed decoy oligonucleotides in 20 mM phosphate
buffer, pH 7.4, 100 mM KCL (D) putative structure of the decoy
oligonucleotides, H1—HS = anthraquinone insertions.

the folding of the resulting G4 oligonucleotides. The change in
G4 topology modified the electrophoretic mobility of the
compounds. Figure 3A shows that the two oligonucleotides
with a mixed P/A conformation migrate a little more slowly
than the sequences in the antiparallel form. Moreover, by UV-
melting we found that the compounds with a mixed P/A
conformation, 7214 and 7216, have a thermal stability, 56.8
and 55.0 °C, respectively, similar to that of 7217 (56.2 °C),
which lacks the anthraquinone insertions (Table 1). This
suggests that in the oligonucleotide with a mixed P/A
conformation, the two anthraquinone insertions, which are
placed at opposite ends of the quadruplex, should not promote
stabilizing 7-interactions neither with the external G-quartets
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Figure 3. (A) Native PAGE of the G4 decoys and of 15-, 20-, 24-, 30-,
and 36-mer reference oligonucleotides, m = mixed P/A, A =
antiparallel. (B) Fluorescence spectra of the decoy oligonucleotides
in 50 mM Tris-HCI pH 7.4, 100 mM KCI; Ex = 444 nm, Em = 470—
750 nm. (C) Dual luciferase assay with pHRAS-luc, pRL-CMV, and
decoy oligonucleotides. The ordinate reports % luciferase, i.e, T/C X
100, where T = firely/Renilla in oligonucleotide-treated cells and C =
firely/Renilla in oligonucleotide-untreated cells. *P < 0.0S.

nor with the neighboring bases. In contrast, compound 7213
with insertions H, and H, in the two lateral loops lying at the
same side of the quadruplex (Figure 2A,D), shows a Ty 8 °C
higher than that of 7217. In this oligonucleotide the two
anthraquinones are in close proximity and probably stacked on
each other. To support this interpretation we performed
fluorescence experiments, as the polycyclic anthraquinone
chromophore may change its ﬂuorescence quantum yield
when it is involved in z-interactions.”> When it is excited at 444
nm, it emits at 560 nm (Figure 3B). By fixing the emission of
7214 to 1, all the other compounds showed a higher emission:
7213, 3.75-fold more intense, 7215, 1.75-fold, and 7215, 1.3-
fold. Since the Ty of 7214 (56.8 °C), with two anthraquinone
at the 5’ and 3’ ends, is similar to the Ty of 7217 (56.2 °C), we
jumped to the conclusion that in 7214 the two chromophores
are oriented outside the structure and do not promote z-
interactions with the adjacent G-quartets. In contrast,
compound 7213 shows a dramatic increase of fluorescence,
as the two anthraquinones, inserted in neighboring lateral
loops, promote reciprocal z-interactions. In this case the
quadruplex is stabilized by 8 °C compared to 7217.

In keeping with this interpretation, compound 7215 shows
an increase of both Ty, (4 °C) and fluorescence (1.75 fold), as
the two anthraquinones lying at the same side of the
quadruplex can promote 7-interactions, to some extent. Instead,
7216 shows Ty similar to that of 7217, as the anthraquinones
are at opposing ends of the quadruplex (Figure 2D). In a
parallel work, we inserted two anthraquinones in the
neighboring loops of the thrombin aptamer, which is known
to adopt an antiparallel structure.”* This modified aptamer
showed a CD similar to that of 7213 (S3). Molecular modeling
studies showed that the two anthraquinones are indeed stacked
in a face-to-face manner, as we have hypothesized for the
parental 7213 compound (S4).

Next, we interrogated if the designed oligonucleotides
behave as decoys and are able to downregulate HRAS in
human T24 bladder cancer cells. To address this issue, we first
carried out a dual luciferase assay with pHRAS-luc (an
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expressing vector where the whole HRAS promoter drives the
synthesis of firefly luciferase'’) and pRL-CMV (a vector in
which Renilla luciferase is driven by the CMV promoter). T24
cancer cells were treated with increasing amounts (50—400
nM) of G4 oligonucleotides, control oligonucleotides unable to
form a G-quadruplex [CTRL-1, 5-GAGGGAGC-GGCTGC-
AGCGCTGGGAG; CTRL-2, 5'-GAAGGAGTG-AGTGAGG-
GAGCGGCTGCAG; CRTL-3, 5-TGCAGCC-GCTCCC-
TCACTCACTCCTTCCCT], pHRAS-luc, and pRL-CMV.
Figure 3C shows that all the designed G4 oligonucleotides
cause the inhibition of firefly luciferase compared to Renilla
luciferase in a dose—response manner, whereas the three
control sequences that did not assume any folded structure,
were not effective, even at their highest concentration (400
nM). The result of this reporter assay showed that both types
of G4 oligonucleotides, antiparallel and mixed P/A, disrupt the
mechanism leading to gene expression, seemingly by
sequestering the proteins interacting with hras-1. To provide
further support for the activity of the designed G4
oligonucleotides, we focused on genomic HRAS. We treated
T24 cancer cells with 800 nM G4 or control oligonucleotides.
Twelve hours after treatment, HRAS mRNA in both untreated
and oligonucleotide-treated cells was determined by qRT-PCR.
The qRT-PCR data showed that all G4 decoys, but not the
control oligonucleotides, reduced HRAS mRNA compared to
those of 2-microglobulin and HPRT to ~50% of the control
(untreated cells) (S5). We also examined the effect of the G4
decoys on HRAS expression by Western blots (Figure 4). In
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Figure 4. Western blot showing that the G4 decoys (A) but not the
control oligonucleotides (B) (800 nM) reduce protein p21™4S in T24
cancer cells. The % inhibition of p21"®4S is shown in the histogram as
T/C X 100, where T and C are the pZIHRAS/ [f-actin ratios in treated
and untreated cells, respectively.

accord with the luciferase and qRT-PCR data, all the
compounds decreased the level of protein HRAS, in particular
7215, 7216, and 7217 (to <30% of control), while the control
oligonucleotides CTRL 1—3 did not.

Next, we examined the stability of the designed decoy
oligonucleotides in a T24 cellular extract, up to 93 h of
incubation (Figure SA). The results showed that wild-type hras-
1 oligonucleotide undergoes a nearly complete degradation in
93 h. In contrast, all the other compounds appeared more
stable, and this provides a key to rationalize their activity. So,
there is a correlation between the stability of the G4
oligonucleotides in the cell environment and their capacity to
lower luciferase and HRAS expression.

DOI: 10.1021/acsmedchemlett.5b00315
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Figure S. (A) Denaturing PAGE showing the stability of the G4
decoys and wild-type hras-1 in a T24 cellular extract up to 93 h. (B)
ChIP showing that MAZ is associated with the HRAS promoter in the
untreated (NT) or control oligonucleotide-treated T24 cancer cells
(CTRL-2). In contrast, in 7214 and 7217 treated cells, the binding of
MAZ to the promoter is attenuated. The product of ChIP-PCR is a
188 bp fragment (S1). The histogram shows levels of MAZ associated
with HRAS promoter in untreated and control/decoy-treated cells.

As the designed G4 oligonucleotides suppress HRAS, we
wondered if they really act through a decoy mechanism. To
provide evidence for this, we examined by chromatin
immunoprecipitation (ChIP) if the G4 decoys attenuate the
occupancy of the HRAS promoter by proteins essential for
transcription. We previously demonstrated that MAZ is a key
transcription factor for HRAS;>'® therefore, we focused our
ChIP analysis on this protein, by using an antibody specific for
MAZ. A typical ChIP analysis for 7214, 7217, and CTRL-2 is
reported in Figure 5B. The histogram summarizes the results
obtained with all the G4 decoys. The occupancy of the HRAS
promoter by MAZ in the decoy-treated cells is about 1/3 of the
occupancy observed with the untreated or control-treated cells.
Note that hras-1, being located near to TSS, is significantly
occupied by RNA Pol II too (positive control) but not by IgG
(negative control).

Furthermore, by an EMSA competition assay we found that
all the designed G4 decoys are able to compete with the
binding of MAZ to the hras-1 quadruplex (S6). So, both ChIP-
PCR and EMSA proved that MAZ, under in vivo conditions, is
associated with the critical G-rich elements of the HRAS
promoter and that the binding of MAZ to the HRAS promoter
is attenuated by the G4 decoy oligonucleotides.

As a final point we tested the efficacy of the G4 decoys to
inhibit the proliferation of the HRAS mutant T24 bladder
cancer cells. The cells were transfected with increasing amounts
of decoy or control oligonucleotides and incubated for 72 h,
before a resazurin assay was carried out. To various extents, all
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compounds lowered the percentage of viable cells in a dose—
response manner. The estimated IC, values (nM) are ~600 for
7213, ~300 for 7214, >800 for 7215, ~800 for 7216, and >800
for 7217. In contrast, in noncancer 293 cells the compounds
had a weaker effect on cell viability, with ICg, > 800 nM (S7).

We have designed a decoy strategy to inhibit the expression
of oncogene HRAS in bladder cancer cells. To strengthen the
nuclease resistance and the folded conformation, the G4 decoys
have been synthesized with LNA modifications and anthraqui-
none insertions. Luciferase, qRT-PCR, and Western blot assays
showed that the decoy oligonucleotide repressed HRAS
expression, while ChIP and EMSA provided evidence that the
molecules actually behave through the postulated decoy
mechanism. It might be argued that the decoy strategy lacks
specificity because the sequestration of a transcription factor (as
MAZ) could have impact on other genes as well. However,
bladder cancer cells are addicted to oncogenic HRAS, just as
pancreatic cancer cells are addicted to mutant KRAS.” This
means that the metabolism of these transformed cells strongly
depends on the expression of these oncogenes. Indeed, it has
been reported that the ras oncogenes remodulate the metabolic
pathways of cancer cells to fuel their higher proliferation rate.””
So, cancer cells are more responsive to ras gene expression than
normal cells. In other words, the inhibition of HRAS in HRAS
mutant bladder cancer cells is less tolerated than in noncancer
293 cells bearing wild-type HRAS. The concept of oncogene
addiction for targeted anticancer therapy has been recently
illustrated.*®
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