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ABSTRACT

Ligand-Induced duplex-quadruplex transition within
the c-MYC promoter region is one of the most studied
and advanced ideas for c-MYC regulation. Despite its
importance, there is a lack of methods for monitoring
such process in cells, hindering a better understand-
ing of the essence of c-MYC G-quadruplex as a drug
target. Here we developed a new fluorescent probe
ISCH-MYC for specific c-MYC G-quadruplex recog-
nition based on GTFH (G-quadruplex-Triggered Flu-
orogenic Hybridization) strategy. We validated that
ISCH-MYC displayed distinct fluorescence enhance-
ment upon binding to c-MYC G-quadruplex, which
allowed the duplex-quadruplex transition detection
of c-MYC G-rich DNA in cells. Using ISCH-MYC, we
successfully characterized the induction of duplex
to G-quadruplex transition in the presence of G-
quadruplex stabilizing ligand PDS and further moni-
tored and evaluated the altered interactions of rele-
vant transcription factors Sp1 and CNBP with c-MYC
G-rich DNA. Thus, our study provides a visualization
strategy to explore the mechanism of G-quadruplex
stabilizing ligand action on c-MYC G-rich DNA and
relevant proteins, thereby empowering future drug
discovery efforts targeting G-quadruplexes.

INTRODUCTION

G-quadruplexes (G4s) are non-canonical nucleic acid struc-
tures formed in guanine-rich (G-rich) DNA or RNA se-
quences (1,2). Adjacent guanines in G-rich sequence can
form G-quartets through Hoogsteen hydrogen bonds. At
the same time, the stacking of G-quartets consequently as-
sembles G-quadruplex with a monovalent cation in struc-
ture centers such as K+ or Na+ (3). Up to date, a flurry

of evidence has proven the existence of G-quadruplexes in
vitro and in vivo (4–7). According to sequencing analy-
sis, more than 700,000 sequences possess the potential to
form G-quadruplexes in human genome (8), noting that G-
quadruplexes are widespread in human cells. These poten-
tial G-quadruplex sequences were found highly abundant
at telomeric ends and oncogenic promoters such as c-MYC
(9), c-KIT (10), KRAS (11), BCL-2 (12) and VEGF (13). Re-
cent studies have given sufficient evidence suggesting a rel-
evance between G-quadruplex formation and multiple bi-
ological processes such as telomere extension and gene ex-
pression regulation, including replication, transcription and
translation, demonstrating that G-quadruplexes located in
promoters are considered potential regulatory elements in
oncogene expression (1,14).

Among all the potential G-quadruplex sequences in hu-
man oncogene, c-MYC G-quadruplex is one of the most
studied sequences due to the common overexpression of
c-MYC genes in multiple carcinomas such as colorectal,
breast, cervix, lung, osteosarcomas and glioblastomas can-
cers (15,16). c-MYC protein is among the most widespread
factors involved in multiple regulatory pathways such as
NF-�B and ARF (17), consequently acting as essential reg-
ulators of cell proliferation, apoptosis and differentiation.
However, c-MYC protein lacking an effective binding site
and its extremely short lifetime of 20–30 minutes cause ob-
stacles for it to become a druggable target (18). Inhibit-
ing its upstream gene expression such as transcription is
therefore considered an alternative strategy (19,20). It is re-
ported that 85–90% of c-MYC transcription activation is
controlled by the upstream P1 promoter, which contains
the nuclease hypersensitivity element III1 (NHE III1) with
a 27 base-pairs long G-rich sequence (Pu27) that is capa-
ble of engaging in an equilibrium between canonical DNA
duplex and G-quadruplex structure (21). Recent studies
have suggested that this transition of duplex-quadruplex is
essential in c-MYC transcription initial procession (9,22).
During the transcription initiation, transcription factor Sp1
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would be recruited to NHE III1 and unwind the double-
stranded structure to initiate transcription (23). As the
single-stranded DNA is liberated, G-quadruplex can come
into formation and is hypothesized to block the binding of
RNA polymerase, leading to transcription stalling. To en-
sure the transcription ongoing, CNBP protein may bind
with the released G-rich region, bearing the function of
G-quadruplex helicase and blocking the formation of sec-
ondary structure to activate transcription start (24). Based
on the close relation of CNBP and Sp1 with G-quadruplex,
it is considerably promising to interfere c-MYC transcrip-
tion through stabilizing c-MYC G-quadruplex and then al-
tering relevant c-MYC DNA-protein interactions during
duplex-quadruplex transition (25–27).

Recent studies have further verified the addition of
G-quadruplex-stabilizing ligands could cause chances of
down-regulating oncogene expression (28–31). In recent
years, numerous small molecules targeting c-MYC G-
quadruplex have been developed due to the repression el-
ement role of c-MYC G-quadruplex in cancer cells (32–
35). Those ligands that are able to induce and stabilize c-
MYC G-quadruplex have been proven to hold suppression
effect on c-MYC expression in cell or animal assays, such
as TMPyP4 (36) and PDS (Pyridostatin) (37). The binding,
inducing and stabilizing abilities of small molecules to c-
MYC G-quadruplex have been examined through FRET,
CD and SPR in vitro (38–40), and the expression regulation
effect verified by luciferase reporter assays (41). However,
it remains elusive about how ligands interact with c-MYC
G-quadruplex and induce duplex-quadruplex transition in
cells. Additionally, the distribution of G-quadruplexes can
be tracked in cells using immunofluorescence antibodies
such as BG4 (42) and D1 (43), and an increment of sig-
nals could be observed after incubation with G-quadruplex
ligands, indicative of their G-quadruplex inducing and sta-
bilizing effects. However, explicitly studying the interac-
tions of c-MYC G-quadruplex with small molecules re-
mains challenging due to the lack of strategies for individual
DNA G-quadruplex detection.

Previously we have developed GTFH (G-quadruplex-
Triggered Fluorogenic Hybridization) strategy to detect
specific RNA G-quadruplexes in cells (44). GTFH probes
comprise two different moieties: one is the antisense
oligonucleotide that complements a sequence adjacent to
the G-rich sequence of interest; while the other is a fluores-
cent ‘on-off’ switchable chemosensor ISCH, which can emit
enhanced fluorescence upon binding with G-quadruplex
structures (45). Upon the hybridization of GTFH probes,
the complementary binding would have ISCH approach-
ing particular G-rich moiety, consequently realizing the
recognition and detection of specific G-quadruplex struc-
ture. Enlightened by this idea, we here managed to de-
velop a new GTFH probe ISCH-MYC detecting c-MYC
G-quadruplex in cells and establish novel methods to visu-
alize the c-MYC duplex-quadruplex transition and to study
the G-quadruplex-small molecule interactions. The fluores-
cence emission of ISCH-MYC would be ‘turn-on’ when
specifically recognizing c-MYC G-quadruplex, and ‘turn-
off’ after c-MYC G-rich sequence forming duplex structure
with its complementary strand. Utilizing a transfected ex-
ogenous double-stranded DNA model, the c-MYC duplex-

quadruplex transition triggered by small-molecule PDS
could be visualized under microscopy. We also observed
the functions of relevant c-MYC transcription factors Sp1
and CNBP hindered during this duplex-quadruplex tran-
sition. Our results provide a new strategy to monitor the
mechanism of G-quadruplex stabilizing ligand affecting c-
MYC G-rich DNA along with relevant proteins, and thus
advanced the feasibility of intervening c-MYC DNA func-
tion through small molecules.

MATERIAL AND METHODS

Oligonucleotides, antibodies, G-quadruplex-stabilizing lig-
ands and GTFH probes

The oligonucleotides used in this study are shown in Fig-
ure 1A. All DNA oligonucleotides were purchased from
Sangon Biotech and Invitrogen. Antibodies for Sp1 and
CNBP were purchased from Absin and Invitrogen, re-
spectively. G-quadruplex-stabilizing ligand PDS were pur-
chased from Topscience. GTFH probe was synthesized ac-
cording to Supplementary Scheme S1. The preparation of
ISCH-oa1 was introduced in the previously published arti-
cle (44). GTFH probe products were further purified with
water/acetonitrile on the C18 column and determined by
mass spectrometry. The PDS analogue, PDS-A, was syn-
thesized according to Supplementary Scheme S2.

Fluorescence studies

Fluorescence studies were performed on Fluoromax-4
Spectrofluorometer (HORIBA). A quartz cuvette with 2
mm × 10 mm path length was used for the spectra
recorded at 1 nm excitation and emission slit widths un-
less otherwise specified. All DNA oligonucleotides were
diluted from stock to final concentration (2 �M) in 10
mM Tris-HCl buffer (100 mM KCl, pH 7.2) contain-
ing ISCH-MYC at different concentrations. For double-
stranded Pu27T/Py27 preparation, additional complemen-
tary DNA oligonucleotides Py27 (6 �M) were added to the
Pu27T sample. All samples were prepared through heating
at 95◦C for 5 min followed by slow cooling. The fluorescence
spectra in the range of 640–800 nm were recorded when ex-
cited at 630 nm.

Immunofluorescence and hybridization experiments in cells
(Lipofectamine 3000 as transfection reagent)

The HeLa cells were grown in MEM media containing
10% fetal bovine serum at 37◦C, with a 5% CO2 atmo-
sphere. Cells were seeded in glass-bottom 96-well plate
(MatTek) and grew overnight. DNA transfections were per-
formed using 10 pmol DNA oligonucleotides and Lipo-
fectamine 3000 Transfection Reagent (Invitrogen) for over
3 h. This medium was removed after the DNA transfec-
tion was completed. For PDS or PDS-A treatment, cells
were further incubated in MEM media containing PDS
or PDS-A at the certain concentration (10 �M) for 24
h. For fixation, cells were treated with 4% paraformalde-
hyde in DEPC-PBS at room temperature for 15 min. After
rinsing with DEPC-PBS, cells were permeabilized in 0.5%
TritonX100/DEPC/PBS at 37◦C for 30 min. After rinsing
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Figure 1. Illustration of GTFH probe ISCH-MYC for c-MYC G-quadruplex detection. (A) c-MYC G-rich DNA sequences, complementary sequences
and GTFH probes used in this study. (B) Synthesis of ISCH-MYC. (C) Design principle of ISCH-MYC.

with 2 × SSC, probes were diluted at 0.3 �M in hybridiza-
tion buffer (4 × SSC, 0.5 mM EDTA, 10% dextran sulfate,
30% deionized-formamide in DEPC-H2O) and applied to
the cells. Hybridization was done at 37◦C overnight. After
hybridization, cells were washed in 2 × SSC for 15 min twice
and subsequently stained with (0.5 �g·mL−1) DAPI for 15
min. For immunofluorescence, cells were blocked with 3%
BSA/PBS at 37◦C for 60 min. Next, cells were incubated
with Sp1 or CNBP antibody at 4◦C overnight and then
incubated with Alexa 405-conjugated antibody (A31553,
Thermo Fisher Scientific) at 37◦C for 1 h. Digital images
were recorded using an FV3000 laser scanning confocal mi-
croscopy (Olympus) with a 60 × objective lens. The images
were analyzed with Imaris software (Bitplane Corp.).

Immunofluorescence and hybridization experiments in cells
(Streptolysin O as transfection reagent)

The HeLa cells were grown in MEM media containing 10%
fetal bovine serum at 37◦C, with a 5% CO2 atmosphere.
Cells were seeded in glass-bottom 96-well plate (MatTek)
and grew overnight. Before transfection, cells were treated
with 10 �g·mL−1 Streptolysin O (abcam) incubation in
1mM MgCl2 for 15 min at 37◦C. DNA transfections were
performed using 3 �M DNA oligonucleotides in 1 mM
MgCl2 buffer with persistent shaking at 37◦C. This buffer
was removed after the DNA transfection was completed.
After transfection, cells were further resealed with 1 mM
CaCl2 for 30 min at 4◦C. For PDS or PDS-A treatment,
cells were further incubated in MEM media containing

PDS or PDS-A at the certain concentration (10 �M) for
3 h. For fixation, cells were treated with 4% paraformalde-
hyde in DEPC-PBS at room temperature for 15 min. After
rinsing with DEPC-PBS, cells were permeabilized in 0.5%
TritonX100/DEPC/PBS at 37◦C for 30 min. After rinsing
with 2 × SSC, probes were diluted at 0.3 �M in hybridiza-
tion buffer (4 × SSC, 0.5 mM EDTA, 10% dextran sulfate,
30% deionized-formamide in DEPC-H2O) and applied to
the cells. Hybridization was done at 37◦C overnight. After
hybridization, cells were washed in 2 × SSC for 15 min twice
and subsequently stained with (0.5 �g·mL−1) DAPI for 15
min. For immunofluorescence, cells were blocked with 3%
BSA/PBS at 37◦C for 60 min. Next, cells were incubated
with Sp1 or CNBP antibody at 4◦C overnight and then
incubated with Alexa 405-conjugated antibody (A31553,
Thermo Fisher Scientific) at 37◦C for 1 h. Digital images
were recorded using an FV3000 laser scanning confocal mi-
croscopy (Olympus) with a 60 × objective lens. The images
were analyzed with Imaris software (Bitplane Corp.).

RESULTS

Design and characterization of ISCH-MYC as a c-MYC G-
quadruplex-specific fluorescent probe in vitro

c-MYC G-quadruplex is a repressive transcription element
formed by a 27 bp G-rich sequence in NHE III1 region.
In order to design a GTFH probe specifically recognizing
the c-MYC G-quadruplex structure, the 25-mer long se-
quence next to Pu27 was marked as ‘Tail Sequence’ for hy-
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bridization (Figure 1A). c-MYC GTFH probe ISCH-MYC
was synthesized through CuAAC reaction using alkynyl-
modified ISCH fluorophore ISCH-oa1 with azido-modified
oligonucleotide, a 27 bases long sequence that complements
with ‘Tail Sequence’ (Figure 1B and Supplementary Scheme
S1). Based on the GTFH strategy, the complementary bind-
ing of this ‘Anti-Tail Sequence’ moiety would drive ISCH
fluorophore to Pu27 sequence and ‘turn on’ the ISCH-
MYC with fluorescence enhancement upon recognizing the
c-MYC G-quadruplex structure (Figure 1C). In addition to
ISCH-MYC, we also designed and synthetized its negative
reference ISCH-MUT whose ‘Anti-Tail Sequence’ was mu-
tated (Supplementary Scheme S1, Figures S1 and S2).

The binding and selectivity of ISCH-MYC to c-MYC G-
quadruplex DNA were first examined using spectroscopic
assays in vitro. DNA sequences investigated in this study
are shown in Figure 1A. The native c-MYC oligonucleotide
Pu27T consisting of a G-rich moiety for G-quadruplex fold-
ing and a ‘Tail Sequence’ moiety for ISCH-MYC bind-
ing was chosen as the target. In addition, G-rich DNA se-
quences with mutations (Pu27T-mG4a and Pu27T-mG4b)
and deletions (Pu27T-dG4), as well as the tail-deleted se-
quence (Pu27T-dT25), were applied for controls. These
oligonucleotides were then examined by CD, TDS and
EMSA studies (46–48). As expected, only Pu27T and
Pu27T-dT25 were found to form parallel G-quadruplexes
in G-rich moieties. They both showed a significant positive
peak at around 265 nm along with a negative peak at around
240 nm in the CD spectra, and a significant positive peak at
around 273 nm along with a negative peak at around 295
nm in the TDS spectra (Supplementary Figures S3 and S4).
Moreover, Pu27T, Pu27T-mG4a, Pu27T-mG4b and Pu27T-
dG4 could hybridize with T25c through the tail sequence
(Supplementary Figure S5).

According to the fluorescence results shown in Figure 2A,
ISCH-MYC alone displayed weak fluorescence emission at
the excitation of 630 nm in K+ buffer. However, a signifi-
cant fluorescence enhancement near 650 nm was triggered
upon the addition of Pu27T. In contrast, no enhancement
or even a reduction occurred with the addition of Pu27T-
mG4a, Pu27T-mG4b and Pu27T-dG4 variants due to the
loss of c-MYC G-quadruplex. Likewise, tail-deleted vari-
ant Pu27T-dT25 showed little enhancement due to the lack
of ‘Tail Sequence’ for hybridization. Moreover, in the con-
trol experiments, negligible fluorescence enhancement was
observed upon addition of Pu27T into the negative refer-
ence ISCH-MUT, while precursor fluorophore ISCH-oa1
triggered enhancement with Pu27T and Pu27T-dT25 (Sup-
plementary Figure S6). These results suggested the critical
function of ‘Anti-Tail Sequence’ to the selectivity.

Additionally, we found the fluorescence intensity of
ISCH-MYC with Pu27T gradually enhanced as the con-
centration of Pu27T increased (Figure 2B), suggesting the
fluorescence enhancement of ISCH-MYC caused by G-
quadruplex was concentration-dependent. We also exam-
ined the fluorescence of ISCH-MYC in a LiCl buffer (Fig-
ure 2C), and observed a remarkable decrease of fluorescence
intensity due to the dissociation of G-quadruplex structure
by Li+ (49,50). Moreover, ISCH-MYC was also found to
show preferential selectivity to c-MYC G-quadruplex over

other G-quadruplexes such as HRAS, KRAS and HTG48
(Figure 2D). All these results demonstrated the good perfor-
mance of ISCH-MYC as a c-MYC G-quadruplex-specific
fluorescent probe in vitro.

Characterization of ISCH-MYC as a c-MYC G-quadruplex-
specific fluorescent probe in cells

Encouraged by the in vitro results, we expected the ISCH-
MYC available for specific c-MYC G-quadruplex detection
in cell circumstances as well. However, it is challenging to di-
rectly detect single copy of genes such as c-MYC under the
optical microscopy. Therefore, exogenous DNA transfec-
tion to construct intracellular models would be needed for
further visualization research in cells. Here we first managed
to increase the copy numbers of c-MYC G-rich DNA for in-
tracellular visualization using conventional Lipofectamine-
based transfection. In addition, to monitor the intracellu-
lar distribution of transfected DNA, DNA oligonucleotide
was modified with a fluorescein (FAM) label at 3′-end (Fig-
ure 3A).

Images were acquired under confocal microscopy af-
ter DNAs were transfected into HeLa cells and stained
with ISCH-MYC. As shown in Figure 3B, the major-
ity of introduced DNAs by Lipofectamine 3000 were lo-
cated in cytoplasm. ISCH-MYC exhibited strong fluores-
cent foci colocalized with the FAM signals from the trans-
fected Pu27T oligonucleotides. Conversely, little to no foci
were observed upon the transfection of ‘G-rich Sequence’
mutated (Pu27T-mG4a, Pu27T-mG4b), ‘G-rich Sequence’
deleted (Pu27T-dG4) and ‘Tail Sequence’ deleted (Pu27T-
dT25) variants. These observations were consistent with
in vitro spectroscopic results, suggesting that ISCH-MYC
could also specifically recognize and detect c-MYC G-
quadruplex in cells. In addition, we applied the precursor
fluorophore ISCH-oa1, and negative reference ISCH-MUT
to stain Pu27T transfected HeLa cells for comparison. The
fluorescence emission of ISCH-oa1 or ISCH-MUT was re-
markably weaker than ISCH-MYC as neither of them could
hybridize with the ‘Tail Sequence’ of Pu27T (Supplemen-
tary Figure S7).

These results have demonstrated the capability of ISCH-
MYC distinguishing c-MYC G-quadruplex in cells using
conventional Lipofectamine-based transfection. Most of
the oligonucleotides were limited in cytoplasm in this case,
while the native c-MYC DNA is supposed to be in nu-
cleus. To better understand the nature of c-MYC G-rich
DNA, we intended to deliver the oligonucleotides into cell
nucleus. After trying various ways of transfection, we fi-
nally succeeded in nuclear delivery using Streptolysin O.
Streptolysin O is a membrane-poring toxin that enables
highly efficient and reversible membrane permeabilization,
and exogenous biomolecules exchanges (51). In Streptolysin
O-permeabilized HeLa cells, ISCH-MYC foci displayed
strong colocalization with FAM signals of Pu27T oligonu-
cleotides in the nucleus, while no signals from ISCH-MYC
were observed in the case of other variants transfection.
(Figure 3C). These results were consistent with the observa-
tions in cell cytoplasm, demonstrating that the ISCH-MYC
was able to specifically detect c-MYC G-quadruplex in cells.
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Figure 2. Fluorescence spectra of ISCH-MYC with DNAs. (A) Fluorescence spectra of 1 �M ISCH-MYC with or without 2 �M DNAs in 10 mM Tris-
HCl buffer, 100 mM KCl, pH 7.2. (B) Fluorescence spectra of 1 �M ISCH-MYC with Pu27T of different concentrations in 10 mM Tris-HCl buffer, 100
mM KCl, pH 7.2. (C) Fluorescence spectra of 1 �M ISCH-MYC with 2 �M Pu27T in 10 mM Tris-HCl buffer, pH 7.2 containing 100 mM KCl or LiCl.
(D) Fluorescence spectra of 1 �M ISCH-MYC with or without 2 �M DNA G-quadruplexes in 10 mM Tris-HCl buffer, 100 mM KCl, pH 7.2.

Visualization of ligand-induced c-MYC duplex–quadruplex
transition

As is mentioned above, the transition of double-stranded
DNA to G-quadruplex in NHE III1 essentially functions
as a regulator in c-MYC transcription process. However,
little is known about the c-MYC duplex-quadruplex tran-
sition occurrence in cells heretofore. As ISCH-MYC specif-
ically recognizing c-MYC G-quadruplex was validated,
we further intended to explore its application of visu-
alizing c-MYC duplex-quadruplex transition in cells. To
achieve this, we established a double-stranded c-MYC G-
rich DNA model for this study. We complemented the
‘G-rich Sequence’ moiety of Pu27T with the antisense
oligonucleotide Py27 to form duplex structure. The ‘Tail
Sequence’ moiety, however, remained accessible for ISCH-
MYC hybridization. We assumed that ISCH-MYC fluo-
rescence would be ‘turn-off’ when Pu27T/Py27 remained
in duplex status, while ‘turn-on’ once transited into G-
quadruplex structure (Figure 4A). As expected, ISCH-
MYC fluorescence remarkably decreased after the double-

stranded Pu27T/Py27 was formed in vitro (Supplementary
Figures S8 and S9). Similar intracellular results were ob-
served in double-stranded Pu27T/Py27 transfected cells.
We noticed the ISCH-MYC fluorescence in both the cyto-
plasm and the nucleus mostly disappeared, showing the sig-
nals were ‘turn-off’ when G-quadruplex was transited into
duplex form (Figure 4B and C).

Next, as the capacity of ISCH-MYC detecting the transi-
tion of c-MYC G-rich DNA from G-quadruplex to duplex
has been confirmed, we expected that ISCH-MYC could
also be applied to visualize the G-quadruplex forming from
duplex induced by small molecules. Here we focused on
one of the most studied G-quadruplex ligand PDS, which
has been reported as a highly selective ligand stabilizing G-
quadruplex structures (52). As for comparison, an analogue
of PDS (namely PDS-A) was designed and synthesized to
be lack of G-quadruplex-stabilizing function (Supplemen-
tary Scheme S2 and Figure S10). The stabilizing effects of
PDS and PDS-A to c-MYC G-quadruplex were validated
by CD melting studies (Supplementary Figure S11). The
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Figure 3. Confocal imaging of FAM-labeled DNA-transfected cells stained by ISCH-MYC. (A) Schematic diagram of cell imaging process using Lipo-
fectamine 3000 (LIPO) or Streptolysin O (SLO) as transfection reagent. (B) Imaging of FAM-labeled DNA-transfected cells stained by ISCH-MYC. The
DNAs are delivered into cytoplasm by Lipofectamine 3000. (C) Imaging of FAM-labeled DNA-transfected cells stained by ISCH-MYC. The DNAs are
delivered into nucleus by Streptolysin O.

melting temperature difference between PDS and PDS-A
treatment demonstrated that PDS could bind to and sta-
bilize c-MYC G-quadruplex while PDS-A could not. Con-
sistent with this, PDS treatment could further lead to the
dissociation of double-stranded Pu27T/Py27 and forma-
tion of a G-quadruplex structure in vitro as determined by
EMSA and fluorescence studies (Supplementary Figures S8
and S12). Notably, we found that detection of c-MYC G-
quadruplex using ISCH-MYC was not affected by the ad-
dition of PDS (Supplementary Figure S13). This finding
was similar to the previous results obtained on PDS and
ISCH fluorophore (53), suggesting their cooperative bind-
ing to G-quadruplex structure. On the other hand, PDS
displayed little cytotoxicity to HeLa cells as the IC50 value
was above 25 �M (Supplementary Figure S14). It was also
noteworthy that treatments of cells with PDS or PDS-A
in our experiments may not interfere the transfection of

c-MYC G-rich DNA, because they were performed after
the complete removal of medium containing Lipofectamine
3000/Streptolysin O and oligonucleotides (Supplementary
Figure S15).

Encouraged by these results, we applied PDS on the
double-stranded Pu27T/Py27 transfected cells. As shown
in Figure 4B and C, we observed the previously quenched
fluorescence of ISCH-MYC in cytoplasm and nucleus par-
tially reappeared upon PDS treatment, suggesting that PDS
treatment induced the transition of c-MYC G-rich DNA
from duplex to G-quadruplex. Conversely, little signal re-
appearance was observed with PDS-A treatment. In addi-
tion, quantification of the enhancement of ISCH-MYC flu-
orescence in Pu27T/Py27 transfected cells treated with PDS
in different concentrations and different durations were
conducted. We found that the reappeared fluorescence was
PDS concentration-dependent as well as time-dependent
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Figure 4. Detection of ligand-induced duplex-quadruplex transition in cells. (A) Schematic diagram of cell imaging process using Lipofectamine 3000
(LIPO) or Streptolysin O (SLO) as transfection reagent. (B) Imaging of c-MYC G-rich DNA-transfected cells treated with PDS or PDS-A then stained
by ISCH-MYC. The DNAs are delivered into cytoplasm by Lipofectamine 3000. (C) Imaging of c-MYC G-rich DNA-transfected cells treated with PDS
or PDS-A then stained by ISCH-MYC. The DNAs are delivered into nucleus by Streptolysin O. Quantification of fluorescence was shown on the right.
Quantification data are expressed as the mean ± SEM (standard error of mean). For each sample, about 100 cells were measured. The standard error was
calculated from a set of three replicate experiments. Statistical significance was determined by the t test as (ns) not significant, (*) P < 0.05, (**) P < 0.01,
and (***) P < 0.001.

(Supplementary Figure S16). Taken together, these results
confirmed that ISCH-MYC was able to be utilized for vi-
sualizing the c-MYC duplex-quadruplex transition induced
by small molecules in cells.

Visualization of the altered distribution of Sp1 and CNBP
upon PDS-induced c-MYC duplex–quadruplex transition

As mentioned above, multiple proteins function in duplex-
quadruplex transition during the transcription process. En-
couraged by the successful visualization of c-MYC duplex-
quadruplex transition in cells, we expected that ISCH-MYC
could also be applied for studying the behaviors of relevant
proteins when interfered during this transition. Here we fo-
cused on the transcription factors Sp1 and CNBP, which

act as double-stranded unwinder and G-quadruplex form-
ing repressor respectively. We intended to visualize their
distribution variation and study their interactions with the
c-MYC G-rich DNA during duplex-quadruplex transition
process.

Immunofluorescence was applied to track the distribu-
tion of Sp1 and CNBP in cells. Secondary antibodies were
labeled with the cyan dye AlexaFluor 405, while Pu27T
oligonucleotide was labeled with green fluorophore FAM.
Because Sp1 and CNBP were reported to be localized
in both cytoplasm and nucleus (54,55), we investigated
c-MYC DNA-protein interactions in cells using Lipofec-
tamine 3000 and Streptolysin O as transfection reagents,
respectively. In the initial phase (Figure 5A), Sp1 was sup-
posed to interact with double-stranded NHE III1 region to
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Figure 5. Visualization of the altered c-MYC DNA-Sp1 interactions. (A) Schematic diagram of cell imaging and analysis process using Lipofectamine 3000
(LIPO) or Streptolysin O (SLO) as transfection reagent. (B) Immunofluorescence imaging of Sp1 in Pu27T or Pu27T/Py27 transfected cells treated with
or without PDS then stained by ISCH-MYC. The DNAs are delivered into cytoplasm by Lipofectamine 3000. (C) Immunofluorescence imaging of Sp1 in
Pu27T or Pu27T/Py27 transfected cells treated with or without PDS then stained by ISCH-MYC. The DNAs are delivered into nucleus by Streptolysin
O. White arrows indicate the distinct colocalization of FAM foci with ‘turn-on’ ISCH-MYC signals; while red arrows indicate the distinct colocalization
of FAM foci with Sp1 signals (ISCH-MYC signals were ‘turn-off’ in this case).

open double-stranded structure for initial preparation, con-
sequently releasing the G-rich single strand that would fold
into a G-quadruplex structure and stall the transcription
(23). Therefore, we expected that the Sp1 would colocalize
with transfected double-stranded Pu27T/Py27 DNA but
not with Pu27T G-quadruplex DNA. According to Figure
5, in both cases of cytoplasm and nucleus, there was no colo-
calization of Sp1 with c-MYC G-quadruplex upon single-
stranded Pu27T transfection (overlapped FAM and ISCH-
MYC signals were shown in white arrows), while a por-
tion of Sp1 signals colocalized with FAM-labeled double-

stranded Pu27T/Py27 DNA (shown in red arrows, ISCH-
MYC signals were ‘turn-off’ in this case).

Interestingly, in PDS-treated Pu27T/Py27 transfected
cells using Lipofectamine 3000 as transfection reagent, two
different signal distributions were observed under confocal
imaging in cytoplasm (Figure 5B). We observed a portion of
FAM signals had the same distributions as in Pu27T trans-
fected cells, colocalizing with ISCH-MYC but not with Sp1
signals (shown in white arrows), while other foci remained
colocalized with Sp1 (shown in red arrows), suggesting the
successful formation of G-quadruplexes induced by PDS
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Figure 6. Visualization of the altered c-MYC DNA-CNBP interactions. (A) Schematic diagram of cell imaging and analysis process using Lipofectamine
3000 (LIPO) or Streptolysin O (SLO) as transfection reagent. (B) Immunofluorescence imaging of CNBP in Pu27T or Pu27T/Py27 transfected cells treated
with or without PDS then stained by ISCH-MYC. The DNAs are delivered into cytoplasm by Lipofectamine 3000. (C) Immunofluorescence imaging of
CNBP in Pu27T or Pu27T/Py27 transfected cells treated with or without PDS then stained by ISCH-MYC. The DNAs are delivered into nucleus by
Streptolysin O. White arrows indicate the distinct colocalization of FAM foci, CNBP foci and ‘turn-on’ ISCH-MYC signals.

blocked Sp1 from interacting with duplex DNA. Similarly,
in the case of transfection using Streptolysin O, we ob-
served the overlapping fluorescence for FAM-labeled DNA
and ISCH-MYC (Figure 5C). However, these signals were
distributed diffusely and uniformly over the nucleus. This
might be due to the redistribution of high-concentration
oligonucleotides when PDS induced the formation of c-
MYC G-quadruplex. Although it seemed that there was no
significant colocalization of Sp1 and ISCH-MYC, it was
still very difficult to accurately study the colocalization of
Sp1 with different DNAs in this case. Despite this, our over-
all findings provided new evidence to support previous idea

that addition of a G-quadruplex stabilizer may suspend the
processing of c-MYC transcription by forming quadruplex
blockage preventing interactions of Sp1 with duplex.

On the other hand, CNBP would be recruited to the G-
rich moiety to prevent the G-quadruplex formation and
ensure the ongoing process of transcription (Figure 6A).
Additionally, CNBP has also been reported bearing func-
tions as G-quadruplex helicase (24). Consistent with this
idea, CNBP immunofluorescence results displayed a differ-
ent colocalization pattern as compared with Sp1. Accord-
ing to Figure 6, in both cases of cytoplasm and nucleus,
CNBP foci could be observed colocalized with the FAM-
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labeled Pu27T and ISCH-MYC in Pu27T transfected cells
without PDS treatment (shown in white arrows), suggesting
the recruitment of CNBP to c-MYC G-quadruplex. While
in double-stranded Pu27T/Py27 transfected cells, the colo-
calization of CNBP with FAM signals became lost, showing
that CNBP was unable to interact with c-MYC G-rich DNA
upon the G-quadruplex transited into the duplex (ISCH-
MYC signals were ‘turn-off’ in this case). However, in PDS-
treated Pu27T/Py27 transfected cells using Lipofectamine
3000 as transfection reagent, CNBP foci colocalized with
reappeared ISCH-MYC foci again in cytoplasm (Figure
6B). These results implied that CNBP might function as a
quadruplex helicase that can be recruited to G-quadruplex
structure to ensure the ongoing transcription. Neverthe-
less, the existence of PDS would stabilize the G-quadruplex
structure and prevent G-quadruplex from being disassem-
bled by CNBP, consequently blocking the initial of c-MYC
transcription. It was also noteworthy that, in the case of
transfection using Streptolysin O, although it seemed that
there was some colocalization of CNBP and ISCH-MYC
in PDS-treated cells, diffuse FAM-labeled DNA and ISCH-
MYC fluorescence made it difficult to exactly investigate
their colocalization with CNBP (Figure 6C).

Collectively, using ISCH-MYC along with immunofluo-
rescence staining, we were able to visualize different c-MYC
DNA-protein interactions upon duplex-quadruplex transi-
tion to some extent. We observed Sp1 being recruited to
double-stranded c-MYC DNA and blocked away when du-
plex transited into G-quadruplex. In the case of CNBP, we
also observed the recruitment of CNBP to G-quadruplex.
These results were consistent with the previously described
potential functions of Sp1/CNBP on c-MYC DNA. Con-
clusively, our studies described a feasible method for visu-
alizing the c-MYC duplex-quadruplex transition, whose oc-
currence might alter the interactions between c-MYC DNA
and relevant proteins in cells. In virtue of the direct visu-
alization by ISCH-MYC, our method could potentially be
utilized for further studying the mechanism of c-MYC tran-
scription.

DISCUSSION

This study synthesized a new fluorescence probe ISCH-
MYC specifically recognizing c-MYC G-quadruplex based
on the GTFH strategy. We verified the fluorescence fea-
tures of ISCH-MYC to find the probe able to trigger fluo-
rescence enhancement upon specifically recognizing c-MYC
G-quadruplex. On this basis, we established a method for
previously intractable c-MYC duplex-quadruplex transi-
tion detection in cells. We observed the ISCH-MYC fluo-
rescence signals were ‘turn-off’ with c-MYC G-quadruplex
transited into the double-stranded status, and ‘turn-on’
again upon small molecule ligands inducing the transi-
tion of the c-MYC duplex to G-quadruplex. Further stud-
ies revealed that this c-MYC duplex-quadruplex transition
could alter the distribution of relevant transcription fac-
tors Sp1 and CNBP, proving small molecules stabilizing G-
quadruplex could hinder the interactions of transcription
factors with c-MYC G-rich DNA during transcription pro-
cess. However, few questions remained yet to be solved. For
example, our study was obliged to apply exogenous model

transfection instead of in situ detection due to the inability
to detect a single copy of c-MYC gene in cells. Moreover,
the current GTFH strategy is mainly based on in situ hy-
bridizations in fixed cells, limiting the further application
for dynamic duplex-quadruplex transition imaging in live
cells. These questions are still awaited to be conquered by
the optimized GTFH strategy in the future.

Nevertheless, our results have shown G-quadruplex stabi-
lizing ligand could induce c-MYC duplex-quadruplex tran-
sition and might further alter the interactions between
Sp1/CNBP and c-MYC G-rich DNA in cells. These find-
ings may provide new evidence and insights for small
molecules interfering c-MYC transcription. Moreover, with
the help of ISCH-MYC, it is possible to establish a fluores-
cent screening platform in search of c-MYC G-quadruplex
ligands as promising drug candidates. Taken together, our
study offers a potent method for visualizing the c-MYC
duplex-quadruplex transition and relevant interactions of c-
MYC DNA with proteins under the effects of G-quadruplex
stabilizing ligands. It expanded the understanding of the
roles of small molecules involved in c-MYC transcription
inhibition, contributing to further development of new
drugs and therapies targeting c-MYC G-quadruplex DNA.
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