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ABSTRACT

G-quadruplex is an essential element in gene tran-
scription that serves as a promising drug target.
Guanine-vacancy-bearing G-quadruplex (GVBQ) is a
newly identified G-quadruplex that has distinct struc-
tural features from the canonical G-quadruplex. Po-
tential GVBQ-forming motifs are widely distributed
in gene promoter regions. However, whether GVBQ
can form in genomic DNA and be an effective tar-
get for manipulating gene expression is unknown.
Using photo-crosslinking, dimethyl sulfate footprint-
ing, exonuclease digestion and in vitro transcription,
we demonstrated the formation of a GVBQ in the G-
rich nuclease hypersensitivity element within the hu-
man PDGFR-� gene promoter region in both single-
stranded and double-stranded DNA. The formation
of GVBQ in dsDNA could be induced by negative
supercoiling created by downstream transcription.
We also found that the PDGFR-� GVBQ was specif-
ically recognized and stabilized by a new synthetic
porphyrin guanine conjugate (mPG). Targeting the
PDGFR-� GVBQ in human cancer cells using the
mPG could specifically alter PDGFR-� gene expres-
sion. Our work illustrates that targeting GVBQ with
mPG in human cells can regulate the expression level
of a specific gene, thus indicating a novel strategy for
drug development.

INTRODUCTION

G-quadruplex is a four-stranded structure formed by
guanine-rich (G-rich) nucleic acids. G-quadruplexes are
widely distributed in genomic DNA, and enriched in reg-
ulatory regions such as gene promoters (1,2), thus acting as
regulators for transcription (3,4), replication (5,6) and re-
combination (7,8). Targeting G-quadruplex is an emerging

therapeutic approach for treating various diseases, includ-
ing cancer (9–12).

The canonical G-quadruplex usually has two or more
complete G-quartet planes connected by four continuous
G-strands. Apart from these prefect G-quadruplexes, there
exist many G-quadruplexes containing an incomplete G-
quartet plane or partially folded structures, such as the
guanine-vacancy-bearing G-quadruplex (GVBQ) (13,14)
and G-triplex (15,16). Among them, GVBQ is a newly iden-
tified G-quadruplex that has an incomplete G-quartet plane
that creates a dock for adopting a guanine from guanine
derivatives (13,14,17). Sequences having the potential to
form GVBQ exceed 0.46 million in human genomic DNA
(2) and, notably, a number of them are enriched at the pro-
moter region of human genes (13). The interaction between
guanine derivatives and GVBQ implies that there is a con-
nection between guanine metabolites and transcription reg-
ulation (13,18,19). However, due to a lack of detection tools
and targeting drugs, the cellular function of GVBQ has not
been explored and reported.

Given that filling-in by a guanine group is a unique fea-
ture of GVBQ missing in the canonical G-quadruplexes
(13), a guanine-containing compounds could potentially
distinguish GVBQs from canonical G- quadruplexes and
specifically targeting GVBQ. In fact, we successfully devel-
oped GRPC, a compound consisting of a conjugation of a
guanine and a 23-aa G4-binding domain from the RHAU
protein (20), and demonstrated its ability to recognize and
stabilize GVBQs with high specificity and high affinity (21).
GRPC, although serving as a powerful tool for in vitro
identification of GVBQ, still needs further modifications
to solve the problems of intracellular delivery and improve
metabolic properties (22,23) for cellular applications.

Recently, a GVBQ formed by a 19-mer G-rich DNA
from the nuclease hypersensitivity element (NHE) region
of the PDGFR-� gene promoter was determined using nu-
clear magnetic resonance (NMR) (19). PDGFR-� is a cell-
surface-receptor tyrosine kinase and a therapeutic target for
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a wide spectrum of diseases (24–26). Previous studies in-
dicated that targeting the G-quadruplexes of the NHE re-
gion in the PDGFR-� promoter could inhibit gene tran-
scription (27,28), which encouraged the development of a
new treatment strategy for diseases that are caused by over-
expression of PDGFR-�. The newly discovered GVBQ in
the PDGFR-� promoter indicated a promising new target
for drugs, but a few key questions needed to be carefully
addressed: first, the naturally occurring G-rich DNA from
the PDGFR-� promoter contains seven continuous runs
of G-tracts, from which multiple types of G-quadruplexes
could form by combining four runs of G-tracts that could
not coexist with each other (28,29), which may hinder the
formation of a GVBQ. Second, GVBQ is generally less
stable than canonical G-quadruplexes (13,14), so it is un-
clear whether the GVBQ of PDGFR-� is sufficiently stable
to compete with other G-quadruplexes and resist double-
stranded DNA pairing. Third, there are no reports of com-
pounds that bind to GVBQ in cells; therefore, whether tar-
geting GVBQ in the PDGFR-� gene promoter is an effec-
tive way to interfere PDGFR-� gene expression remains un-
certain.

In this work, we explored GVBQ formation in the natu-
rally occurring G-rich DNA from the PDGFR-� gene pro-
moter and investigated the possibility of GVBQ as a drug
target. Using photo-crosslinking, dimethyl sulfate (DMS)
footprinting, and exonuclease digestion, we first verified the
formation of a GVBQ in the wild-type single-stranded (ss)
DNA including the core G-rich and additional flanking se-
quence from the NHE region of the PDGFR-� gene pro-
moter. We also detected the formation of PDGFR-� GVBQ
in transcribed plasmid DNA, which was induced by the
negative supercoiling that was created by downstream tran-
scription, as occured in other canonical G-quadruplexes, as
reported previously (30). The formation of GVBQ was fur-
ther verified by its specific interactions with GRPC and a
new synthetic porphyrin guanine conjugate (mPG). mPG
retains the advantages of GRPC to specifically recognize
and stabilize GVBQ, and also has the enhanced ability of
cellular delivery. When cells were treated with mPG, the
RNA and protein level of PDGFR-� were significantly
downregulated; in contrast, the expression of eight other
genes with canonical G-quadruplexes in their promoters re-
mained unchanged. Overall, our study paved a novel way to
regulate gene expression by targeting GVBQ.

MATERIALS AND METHODS

Oligonucleotides, chemical ligands, peptide, DNA

All oligonucleotides were synthesized by Sangon
Biotechnology (Shanghai, China) (Supplementary Ta-
bles S1 and S2). Sulfosuccinimidyl-2-[6-(biotinamido)-
2-(p-azidobenzamido) hexanoamido]ethyl-1,3′-
dithiopropionate (SBED)-guanosine monophosphate
(GMP) was purchased from Takara Biomedical Technol-
ogy (Beijing) as described (13). Guanosine monophosphate
(GMP), mesoporphyrin IX dihydrochloride (MPIX) and
meso-5,10,15,20-Tetrakis-(N-methyl-4-pyridyl)porphine
(TMPyP4) was purchased from Sigma, GRPC was
synthesized as described (21). 3,6-Bis (1-methyl-4-
vinylpyridinium) carbazole diiodide (BMVC) was

purchased from MedChemExpress. MPIX-(PEG)2-G
(PNA)-D-Lys-D-Lys (abbreviated as mPG), (PEG)2-G
(PNA)-D-Lys-D-Lys (abbreviated as OGkk), and mPG-
(L-GRKKRRQRRR) (abbreviated as mPG-TAT) were
purchased from Tanzhen Biotechnologies (Nanchang,
China).

Preparation of plasmids

Plasmids were prepared as previously described (30), except
that the PDGFR-� WT and PDGFR-� M3A sequences
were inserted on the template strand between a T7 promoter
and a T3 promoter. Plasmid DNA was extracted using the
TIAN prep Midi Plasmid Kit (Tiangen, China).

DMS footprinting

An oligonucleotide (0.1 �M) in 50 mM LiCl or KCl was
heated at 95◦C for 5 min and then cooled down to room
temperature at a rate of 0.1◦C/s. Samples were then incu-
bated with GMP, GRPC and mPG, respectively, at the in-
dicated concentration for 30 min at 37◦C. The mixture was
then treated with 5% dimethyl sulfate (DMS) for 4 min on
ice and subjected to DMS footprinting as previously de-
scribed (13).

Photo-crosslinking

Photo-crosslinking was carried out as previously described
(13).

Exonuclease digestion assay

Oligonucleotides (WT, M2A and M3A, Supplementary Ta-
ble S1) labeled as 5′FAM or 3′FAM were dissolved at 0.2
�M in a buffer containing 40 mM Tris–HCl (pH 8.0),
50 mM KCl or 50 mM LiCl, heated at 95◦C for 5 min,
and cooled down to room temperature, then diluted to a
final concentration of 20 nM in a buffer containing 40
mM Tris–HCl (pH 8.0), 50 mM KCl, or 50 mM LiCl,
8 mM MgCl2 and 2mM dithiothreitol (DTT), incubated
at 37◦C for 30 min in the presence of various concen-
trations of GRPC, mPG, or other compounds. 5′-FAM-
labeled oligonucleotides were then digested with 0.25 U/�l
T4 DNA Polymerase (Thermo Scientific, USA) at 37◦C
for 20 min, and 3′FAM labeled oligonucleotides were di-
gested with 0.15 U/�l RecJ (NEB) at 37◦C for 20 min.
Reactions were stopped by adding a final concentration
of 50 mM ethylenediaminetetraacetic acid and 0.2 M 2-
mercaptoethanol. Samples were heated at 95◦C for 5 min
in 80% formamide, resolved on a 20% denaturing polyacry-
lamide gel and scanned on a ChemiDoc MP (Bio-Rad).

In vitro transcription and analysis of RNA transcripts

Transcription was carried out as described previously
(30). When a T7 transcription was followed by a T3
transcription, the T7 transcription was stopped by
adding a final concentration of 2 �M T7 inhibitor (5′-
GAAATTAATACGACTCACTATA-3′) (31). Then, 0.02
mM Fluorescein-12-UTP (Roche) and 2 U/�l T3 RNA
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polymerase (Thermo Scientific) were added. The samples
were incubated at 37◦C for 60 min, followed by a treatment
with 0.04 U/�l DNase I (Thermo Scientific) at 37◦C for
15 min and an extraction with phenol/chloroform. RNA
products were denatured in 80% formamide and resolved
on an 8% denaturing polyacrylamide gel.

Fluorescence titration

5′FAM-labeled DNA (0.1 �M) was dissolved in a TE buffer
(pH 7.4) containing 50 mM KCl, denatured at 95◦C for 5
min and cooled down to 25◦C at a rate of 0.1◦C/s. Tween-20
and bovine serum albumin were added to final 0.05% (w/v)
and 0.2 mg/ml each. Then, ligands of different concentra-
tions were added to the samples and incubated at room tem-
perature for 2 h. Samples were prepared in glass capillar-
ies (NanoTemper), and scanned in the Monolith NT.115 to
measure the fluorescence. The initial fluorescence analysis
mode was selected on MO.Affinity Analysis V2.3 software.
Binding of ligands to a specific DNA site is described by the
equilibrium dissociation constant (Kd). Data was fitted us-
ing the single-site binding model and accounting for ligands
depletion. In an equilibrium situation, the equation for flu-
orescence calculation can be written as:

F = Fmax − (Fmax − Fmin)

× CA + CB + K D
√

(CA + CB + K D)2 − 4CACB

2CA

where F represents baseline-corrected fluorescence; Fmax
represents the maximal value of F; Fmin represents the min-
imum value of F; CA, CB (nM) represent the initial concen-
tration of DNA and ligand, respectively.

Fluorescence resonance energy transfer (FRET) melting

Oligonucleotides (Supplementary Table S1) labeled at the
ends with a fluorescent donor FAM and an accepter
TAMRA were dissolved at 0.1 �M in 10 mM lithium ca-
codylate buffer (pH 7.4) containing 50 mM KCl, which was
denatured at 95◦C for 5 min, and cooled down to 25◦C
at a rate of 0.1◦C/s. Then mPG and other compounds
were added at the indicated concentration and incubated at
37◦C for 1 h. After initial equilibration at 25◦C for 10 min,
FRET melting was carried out as previously described (21)
by monitoring the fluorescence of the FAM group on the
QuantStudio 7 Flex (Thermo Scientific).

Cell culture

Cells were cultured at 37◦C under 5% CO2 in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
bovine serum and 100 U/ml penicillin and streptomycin.
U2OS cells were seeded on a six-well plate (2 × 105

cells/well) and cultured for 12 h. After incubation with
mPG at final concentrations of 0, 2 and 10 �M for 48 h,
cells were harvested from each well of culture plates.

RNA isolation and qRT-PCR

Total RNA was extracted from cells using an RNA ex-
traction kit (Tiangen, China) according to the manufac-

turer’s instructions. Then, 1.0 �g of total RNA was reverse-
transcribed to cDNA using TransScript First-Strand cDNA
Synthesis SuperMix (Transgen, China). Real-time PCR was
performed using 2× RealStar Green Power Mixture (Gen-
Star, China). GAPDH was used as the internal control.
Primer information can be found in Supplementary Table
S2. The threshold cycle (Ct) value was calculated using the
QuantStudio™ Real-Time PCR Software (Applied Biosys-
tems, USA).

Western blot

Cells were directly lysed in 2× sodium dodecyl sulfate
(SDS) loading buffer and boiled for 10 min. Proteins were
separated by SDS-PAGE electrophoresis and transferred
to polyvinylidene fluoride membrane. The membrane was
blocked by 5% fat-free milk in TBST buffer (20 mM Tris–
HCl, PH 7.6, 150 mM NaCl, 0.05% (V/V) Tween 20) for 1
h at room temperature (RT). After washing for three times
with TBST, the membrane was incubated with the indicated
antibodies (Anti-PDGFR-� Antibody, 1:2000, (ab32570,
Abcam); Alpha Tubulin Antibody, 1:5000, (66031-1-Ig,
Proteintech)) for 1 h at RT. After washing three times with
TBST, the membrane was incubated with 1:5000 diluted
Anti-Rabbit IgG (H + L) Antibody, HRP Conjugate (5220-
0336, KPL) or Anti-Mouse IgG (H + L) Antibody, HRP
Conjugate (5220-0341, KPL) for 1 h at RT. After washing
three more times, protein was detected using WesternBright
ECL Kit (K-12045, Advansta) according to the manufac-
turer’s instruction.

RESULTS

Detection of GVBQ in the G-rich ssDNA from the NHE re-
gion of PDGFR-� promoter

The G-rich strand of the NHE region in the PDGFR-�
promoter contains seven runs of G-tracts, which have the
potential to form multiple types of G-quadruplexes by us-
ing different combinations of G-tracts. Recently, a guanine-
vacancy-bearing G-quadruplex (GVBQ) from a short G-
rich DNA in the PDGFR-� promoter NHE region was re-
solved using NMR (19). However, in natural chromosomal
DNA, the formation of a GVBQ in DNA can be affected by
the flanking sequences, its complementary strand, and the
competition of other types of G-quadruplexes. It was not
clear whether the GVBQ could form in this situation.

To investigate whether a GVBQ could form in natural G-
rich DNA from the PDGFR-� promoter, we first synthe-
sized a 5′-FAM-labeled ssDNA (WT) containing the core
seven runs of G-tracts with a flanking 10 nts at the 3′-end
and a flanking 15 nts at the 5′-end. Using DMS footprinting
(Figure 1A), we discovered that the major G-quadruplexes
formed in the K+ solution containing G-tracts 2 to 6 (Figure
1B, G2–G6), which was consistent with a previous report
(27). GVBQ was detected using Sulfosuccinimidyl-2-[6-
(biotinamido)-2-(p-azidobenzamido) hexanoamido]-ethyl-
1,3′-dithiopropionate (SBED)-guanosine monophosphate
(GMP). SBED-GMP contains a guanine base that can fill
in the G-vacancy of a GVBQ, and a phenyl azide group that
can react with the adjacent adenine, guanine, and cytosine
under UV light, thus forming a crosslinked product (13). As
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Figure 1. Detection of G-quadruplexes formed in the human PDGFR-�
core promoter using (A and B) DMS footprinting and (C) UV crosslinking.
(A) DNA cleavage fragments of PDGFR-� core promoter G-rich region
(WT) resolved by denaturing gel electrophoresis. (B) Digitization of the gel
in (A). (C) UV crosslinking between SBED-GMP and WT DNA detected
by denaturing gel electrophoresis.

shown in Figure 1C, crosslinking occurred in lane 3, which
led to an extra band migrating behind the original DNA,
which indicated the formation of a GVBQ in the WT DNA.

DMS footprinting detects the guanine bases involved in
the formation of G-quadruplex. However, G-tracts pro-
tected from DMS in the PDGFR-� promoter G-rich re-
gion shown more than one type of G-quadruplex. To fur-
ther identify the formation and motif of the GVBQ, we car-
ried out a bi-orientational exonuclease assay with the WT
and its mutant ssDNA (Figure 2A).

The 3′-end of the G-quadruplexes were first determined
by the 3′ exonuclease activity of T4 DNA polymerase,
which hydrolyzed nucleotides from the 3′-end until a G-
quadruplex was met (32). As shown in Figure 2B (left, lane
2 versus lane 1), we observed several cleavage bands that
represented at least three types of G-quadruplexes in WT
DNA. To verify whether a cleavage band was caused by
GVBQ, GRPC (guanine-RHAU23 peptide conjugate), a
specific stabilizer of GVBQ, was added before exonucle-
ase digestion. Cleavage in the WT ssDNA revealed that the
band between G-tracts 4 and 5 was selectively enhanced
by GRPC (Figure 2B, left, blue arrow), which indicated
that a GVBQ formed at the 5′-end of G-tract 5. Cleavage
bands before G-tract 7 were related to other types of G-
quadruplexes such as the end-insertion G-quadruplexes re-
ported previously (29), which were not sensitive to GRPC
(Figure 2B, purple arrow). Hydrolysis using T4 DNA poly-
merase was further performed on the M2A DNA, which
had two G to A mutations in G-tracts 5 and 6 compared
to the WT. The result again supported the formation of a
GVBQ at the 5′-end of G-tract 5 while other types of G-
quadruplexes did not appear (Figure 2B, left versus right,
lane 3).

The 5′-end of the GVBQ was determined by hydrolysis
with the RecJ exonuclease that digested ssDNA in the 5′
to 3′ direction. GRPC was also added to highlight the lo-
cus of GVBQ. In the WT ssDNA, the formation of a G-

Figure 2. Detection of GVBQ in the wild G-rich ssDNA from the
PDGFR-� promoter NHE region by exonuclease digestion. (A) G4-
forming sequence and its modifications from human PDGFR-� gene pro-
moter. The G-tracts of wild DNA sequences (WT) are highlighted in red
and mutations are highlighted in cyan. (B) Formation of G-quadruplexes
protect the DNA from being hydrolyzed from the 3′ end by T4 DNA poly-
merase. (C) Formation of G-quadruplexes protected the DNA from being
hydrolyzed from the 5′ end by RecJ exonuclease.

quadruplex stopped exonuclease before G-tract 2 (Figure
2C, left), whether GRPC was added or not. This was con-
sistent with the results of DMS footprinting shown in Fig-
ure 1A, in which G-tract 1 did not involve the formation
of G-quadruplexes. We then conducted 5′hydrolysis on the
M3A DNA, which had additional G to A mutations in G-
tract 1 compared to that of M2A. A clear band (Figure
2C, right, lane 3) closely related to GRPC revealed that the
core sequence of the PDGFR-� GVBQ was at 3′-end of G-
tract 1. From the locus of the GVBQ-related cleavage band
shown in Figure 2B and C, we determined that the forming
sequence of the GVBQ in ssDNA was G-tracts 2, 3 and 4
(M2–3–4).

Detection of GVBQ in G-rich Double-Stranded DNA (ds-
DNA) from the NHE Region of the PDGFR-� promoter

The aforementioned results demonstrated that a GVBQ
could form in the G-rich ssDNA from the PDGFR-� pro-
moter. However, on chromatin DNA, G-rich sequences in
the PDGFR-� promoter were paired with complementary
C-rich sequences. Whether and how PDGFR-� GVBQ can
form in the dsDNA was unknown. In a previous study,
we found that transcription-induced negative supercoiling
could induce the formation of a G-quadruplex in dsDNA
at the upstream region of the transcription start site (30).
To verify whether the formation of PDGFR-� GVBQ could
be driven by a downstream transcription in dsDNA, we per-
formed an in vitro transcription assay.
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Figure 3. Detection of GVBQ in the wild G-rich dsDNA from the
PDGFR-� promoter NHE region by RNA polymerase arrest. (A) Plasmid
contained the PDGFR-� gene promoter G-core sequence, a T7 and a T3
promoter. The G-core sequence was placed at the upstream of T7 promoter
and downstream of T3 promoter. The plasmid was first transcribed with
T7 RNA polymerase to induce the formation of G-quadruplexes, and then
T3 RNA polymerase was added together with a fluorescein-UTP and a T7
inhibitor to produce fluorescent T3 RNA transcripts. The T7 inhibitor was
used to prevent the T7 RNA polymerase from further transcription. (B) Se-
quences of WT and mutant M3A G-core. (C) Detection of G-quadruplexes
in the WT plasmid by the premature termination of T3 RNA polymerase.
Marker (M) shows termination sites labeled in B. (D) Detection of a G-
quadruplex in the mutant M3A plasmid by the premature termination of
T3 RNA polymerase.

We first made a plasmid containing the G-core sequence
of PDGFR-� NHE region. A T7 and a T3 promoters were
respectively placed at the downstream and upstream regions
of the G-rich sequence as previously described (30). Then
we carried out the first transcription using T7 RNA poly-
merase. The moving T7 RNA polymerase generated dy-
namic negative supercoiling that transmitted upward and
triggered the formation of G-quadruplexes in the G-core
region. Finally, we terminated transcription of T7 RNA
polymerase using a dsDNA inhibitor and started the sec-
ond transcription using T3 RNA polymerase in the pres-
ence of fluorescent UTP. The formation of G-quadruplex
on the template strand blocked the T3 RNA polymerase
that was initiated from an upstream T3 promoter, thereby
generating prematurely terminated (PT) transcripts (Figure
3A). The PT bands corresponding to marker M1–M3 (Fig-
ure 3B) appearing in K+ not in Li+ demonstrated the for-
mation of G-quadruplexes (Figure 3C, lane 4 versus lane 3).
The PT bands at M1 and M2 indicated that G-quadruplexes
formed at the 3′-end region of the G-rich strand which was
consistent with the exonuclease results on WT DNA in Fig-
ure 2B.

A weak PT band at marker M3 (Figure 3C, lane 4), which
was significantly intensified by the addition of GRPC dur-
ing transcription (Figure 3C, lanes 5–6), represented a for-
mation of GVBQ in dsDNA. This was further verified by
transcription, using a mutant plasmid to replace the wild G-
rich sequence with M3A, which kept the G-rich sequences

Figure 4. Verification of the formation of PDGFR-� GVBQ by DMS
footprinting. (A) DMS footprinting of M2–3–4-T DNA in the presence
of GMP, GRPC and mPG. (B) Digitization of the gel in A. (C) Possible
structure of GVBQ and its completion by the G fill-in.

of G-tracts 2–4 and mutated other G-tracts. A single PT
band corresponding to marker M3 again proved the forma-
tion of the GVBQ and stabilization by GRPC (Figure 3D,
lanes 4–6).

Determination of the core forming sequence and structure of
the GVBQ from the PDGFR-� promoter

Combined the results of exonuclease digestion and RNA
polymerase arrest, we finally determined the core forming
sequence of the GVBQ as G-tract 2, 3 and 4 (M 2-3-4). The
structure of the GVBQ was further verified by DMS foot-
printing using the G-core sequence of G-tract 2–4 (M2–3–
4-T), which was flanked with three Ts and labeled with a
FAM group at the 5′terminal. As reported in the previous
study, the guanine that was not involved in Hoogsteen hy-
drogen bond with its N7 site in the incomplete G-tetrad of
GVBQ was poorly protected (Figure 4A and B, green and
blue arrow) (13). The two cleavage bands indicated by the
blue and green arrow represent two equilibrating GVBQs
(Figure 4C), which were obviously reduced when a guanine
from GMP or GRPC was filled in the G-vacancy (Figure
4B). Coincidentally, This same G-rich DNA of M2–3–4 had
been reported to form a GVBQ by NMR spectroscopy (19).

Targeting the PDGFR-� GVBQ with compounds

Specific ligands are key tools for studying the formation
and the function of G-quadruplexes (10). Previously, we
demonstrated that a guanine-RHAU23 peptide conjugate
(GRPC) could selectively target and stabilize GVBQ (21).
However, intracellular delivery and proteolysis limited the
application of GRPC in living cells. Using the similar strat-
egy for GRPC, we replaced the RHAU23 peptide with
a porphyrin group and constructed a porphyrin-guanine
conjugate (Supplementary Figures S1–S3). Porphyrins are
canonical G-quadruplex-specific compounds that mostly
interact with G-quadruplex at the terminal G-quartet layer
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Figure 5. Detection of the binding ability between mPG and different
DNA structures by fluorescence titration. The equilibrium dissociation
constant (Kd) in parentheses was obtained by fitting the data using a single-
site binding model and accounting for ligand depletion. (A) Comparison
of the binding ability between PDGFR-� GVBQ (M2–3–4-T) with MPIX,
OGkk and mPG. (B) Detection of the binding ability between mPG with
G-quadruplexes of KRAS, MYC, CSTB, M2–4–5, and M2–4–5–6. (C)
Detection of the binding ability between mPG with GVBQ of MYOG,
ABTB2 and LRRC42. (D) Detection of the binding ability between mPG
and non-G-quadruplex DNA.

(33). The porphyrin-guanine conjugate (MPIX-(PEG)2-G-
D-Lys-D-Lys (mPG)) contains an MPIX that was a deriva-
tive of N-methyl mesoporphyrin IX (NMM) (34), a Gua-
nine peptide nucleic acid (G) connected with MPIX using
a (PEG)2 linker, and two D-lysine at the N-terminal to en-
hance solubility. mPG was expected to retain the proper-
ties of GRPC to specifically recognize and stabilize GVBQ
but also overcome the shortcomings of its delivery into
cells.

Interaction of mPG and PDGFR-� GVBQ was first de-
termined by DMS footprinting. As shown in Figure 4A and
B, in the presence of mPG, the two unprotected bands of
GVBQ mostly disappeared, which indicated that the gua-
nine base from mPG filled in the G-vacancy of PDGFR-�
GVBQ.

Interaction of mPG and PDGFR-� GVBQ was further
determined by fluorescence titration. We found that the
fluorescent signal of the FAM group labeled at 5′-end of
PDGFR-� GVBQ (M2–3–4-T) was greatly reduced in the
presence of mPG. The cause of quenching of fluorescence is
attributed to the binding of the porphyrin group to DNA,
(35) which could be used to quantify the binding affinity
between mPG and G-quadruplex. As shown in Figure 5A,
the Kd of mPG to PDGFR-� GVBQ was calculated to be
10.2 nM, which was much lower than those of the other
non-GVBQ G-quadruplexes (Figure 5B). The binding of
mPG to PDGFR-� GVBQ was also stronger than to the
other three GVBQs (Figure 5C), which indicated that it had
a recognition preference for GVBQs. mPG did not bind
non-G4 structures such as hairpin DNA, ssDNA, and C-
rich ssDNA at a concentration below 1 �M (Figure 5D).
The conjugation of MPIX and the guanine group conferred
mPG the ability to recognize PDGFR-� GVBQ with high

specificity and affinity that could not be realized by MPIX
or (PEG)2-G (PNA)-D-Lys-D-Lys (OGkk) (Supplementary
Figures S4 and S5) separately (Figure 5A).

Unlike mPG, GRPC does not quench the fluorescence
of the FAM group in DNA, hence direct fluorescence titra-
tion cannot be used to determine the binding affinity. Thus,
we compared the binding ability of GRPC and mPG to
PDGFR-� GVBQ by using fluorescence titration in a com-
petitive binding assay. As shown in Supplementary Figure
S6A, GRPC competed with mPG and bound to PDGFR-�
GVBQ at a much lower concentration than mPG. In con-
trast, mPG could hardly compete with GRPC at a lower
concentration than GRPC (Supplementary Figure S6B).
This indicates that the binding affinity of mPG to PDGFR-
� GVBQ is lower than that of GRPC.

The interaction of mPG and PDGFR-� GVBQ could
theoretically enhance the stability of the GVBQ. To con-
firm this assumption, we performed a thermal melting as-
say based on the FRET using PDGFR-� GVBQ (M2–3–
4-F), which was labeled at the 3′-end with a FAM as a
donor and at the 5′ -end with a TAMRA as an acceptor.
The two functional units of mPG, MPIX and OGkk, were
used as control ligands. PDGFR-� GVBQ was incubated
with different concentrations of compounds, and the tem-
perature required for the fluorescence to reach the mid-
dle value between the minimal and maximal fluorescence,
which was denoted as T1/2, was used to judge the stabil-
ity of the GVBQ. As shown in Figure 6A and B, mPG and
GRPC increased the melting temperature of PDGFR-�
GVBQ in a concentration-dependent manner. GRPC pro-
duced a greater �T1/2 than mPG (Figure 6C), which might
be due to the stronger binding ability of GRPC to PDGFR-
� GVBQ than mPG (Supplementary Figure S6). The T1/2
of PDGFR-� GVBQ increased 26.1◦C in the presence of
10 �M mPG, which was much larger than in the presence
of MPIX and OGkk separately (Figure 6C and Supplemen-
tary Figure S7A and B). mPG showed weaker ability to sta-
bilize the GVBQ of MYOG or LRRC42 (Supplementary
Figure S7C and D) than PDGFR-� GVBQ, which was con-
sistent with the results in Figure 5C. Only at concentrations
above 1 �M, mPG was able to show stabilization of the
canonical G-quadruplex formed by M2–4–5 and M2–4–5–6
(Supplementary Figure S7E and F) derived from the G-rich
sequence of the PDGFR-� gene promoter.

To further explore whether mPG could specifically rec-
ognize and stabilize the GVBQ in ssDNA and dsDNA, we
carried out exonuclease digestion and RNA polymerase ar-
rest using WT and M3A DNA in the presence of mPG.
As shown in Figure 7A, mPG obviously increased the pro-
tected band before GVBQ in a concentration-dependent
manner. The results shown in Figure 7B showed that mPG
and GRPC could effectively protect GVBQ from T4 DNA
polymerase digestion, whereas TMPyP4 and BMVC, the
canonical G-quadruplex binding ligands, showed little ef-
fect. We also compared the stability of PDGFR-� GVBQ in
transcribed dsDNA by different ligands. The results shown
in Figure 7C and D showed that mPG and GRPC could en-
hance the formation of GVBQ in dsDNA more effectively
than the other ligands, which was in consonance with the
results shown in Figure 7B.
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Figure 6. (A, B) Stabilization of PDGFR-� GVBQ (M2–3–4-F) by mPG and GRPC. (C) Effects of ligands on the T1/2 of PDGFR-� GVBQ. T1/2 gives
a temperature for the fluorescence to reach the mid-value between the minimum and maximum values.

Figure 7. Effects of ligands on the stabilization of PDGFR-� GVBQ in
the G-rich ssDNA and dsDNA. (A) Protection of WT and M3A ssDNA
from being hydrolyzed by T4 DNA polymerase in the presence of mPG.
The blue arrow indicates the cleavage band before GVBQ as shown in Fig-
ure 2B. (B) Compare the protection effects of mPG, GRPC, TMPyP4 and
BMVC on M3A ssDNA from being hydrolyzed by T4 DNA polymerase.
The blue arrow indicates the cleavage band before GVBQ as in Figure 2B.
(C) Detecting the effects of mPG and other compounds (2 �M) on the
stability of PDGFR-� GVBQ in transcribed WT plasmids by RNA poly-
merase arrest. (D) Detecting the effect of mPG and other compounds (2
�M) on the stability of PDGFR-� GVBQ in transcribed M3A plasmids
by RNA polymerase arrest. Marker (M) shows termination sites as labeled
in Figure 3.

Targeting PDGFR-� GVBQ in human cells for regulating
gene expression

It was reported that targeting G-quadruplexes in the
PDGFR-� promoter with compounds could regulate gene
expression (27). To explore whether the stabilization of
GVBQ could influence PDGFR-� gene expression, we
treated U2OS cells with mPG and mPG-TAT. mPG-
TAT is derived from mPG by connecting a classical cell-
penetrating peptide (TAT: GRKKRRQRRR) at the C-
terminal of mPG (Supplementary Figures S8 and S9) which
will improve cellular delivery. mPG-TAT could also stabi-
lize PDGFR-� GVBQ in transcribed plasmid as mPG did
(Supplementary Figure S10). As shown in Figure 8A and
B, the PDGFR-� RNA and protein levels significantly de-
creased in presence of 2 �M and 10 �M of each mPG and
mPG-TAT. The effect of mPG and mPG-TAT was very sim-

ilar, which indicated that mPG could permeate into the cells
and modulate PDGFR-� gene expression efficiently. We
also tested the effect of mPG and mPG-TAT on the growth
of U2OS cells, and found that both mPG and mPG-TAT in-
hibited cell growth, and that the inhibition caused by mPG-
TAT was more obvious (Supplementary Figure S11), thus
indicating that mPG-TAT might have targets other than the
PDGFR-� gene.

In comparison with mPG, MPIX and TMPyP4, which
could not alter the formation ability of PDGFR-� GVBQ
(Figure 7C and D), had little effect on the expression
of PDGFR-� at the same concentration of mPG (Fig-
ure 8C). We further tested the RNA level of other genes
(MYC, Hif1a, VEGFA, BCL2, KRAS, BRCA1, MYB and
ERBB2) that had been reported to be regulated by G-
quadruplexes binding ligands (36–43). Interestingly, mPG
did not influence the transcription level of these genes (Fig-
ure 8D), thus implying that its effect on PDGFR-� was spe-
cific.

DISCUSSION

Aberrant overexpression of PDGFR-� and consequent in-
creased PDGFR-� signaling are causative factors for a va-
riety of pathologies, including vascular disease, fibrotic dis-
orders, and cancer (24–26). In this work, we validated the
formation of a GVBQ in the natural G-rich sequence of the
PDGFR-� gene promoter in both ssDNA and dsDNA. We
also confirmed that the GVBQ could be specifically targeted
by mPG and subsequently modulate the expression of the
PDGFR-� gene (Figure 9).

Previous studies reported at least four different G-
quadruplexes with the potential to form from a wild G-
rich sequence in the PDGFR-� promoter (27,44). These
G-quadruplexes are mutually exclusive because they uti-
lize overlapping G-runs. Due to its incomplete structure,
the GVBQ was unstable and had difficulty competing with
other types of G-quadruplexes (13,14). The reason for the
formation of GVBQ might be the advantage of its folding
speed, which requires further confirmation. Another possi-
bility is that physiological guanine derivatives such as GTP
could fill in and stabilize GVBQ, which supported its for-
mation (13). This was verified by the fact that guanine-
conjugated compounds (GRPC and mPG) could signifi-
cantly improve the formation and the stability of GVBQ in
ssDNA and transcribed dsDNA (Figures 6 and 7).
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Figure 8. Effects of mPG and mPG-TAT on the expression of PDGFR-�. (A) Detection of the mRNA level of PDGFR-� in the presence of mPG and
mPG-TAT by RT-qPCR. (B) Detection of the protein level of PDGFR-� in presence of mPG and mPG-TAT by western blot. (C) Detection of the mRNA
level of PDGFR-� in the presence of MPIX and TMPyP4 by RT-qPCR. (D) Detection of the mRNA level of MYC, Hif1a, VEGFA, BCL2, KRAS,
BRCA1, MYB and ERBB2 genes in the presence of mPG by RT-qPCR.

Figure 9. mPG selectively recognizes and stabilizes the GVBQ of the
PDGFR-� gene promoter and subsequently modulates gene expression.

In a previous study, a G-quadruplex structure that
formed at the 3′-end of the G-rich sequence in PDGFR-�
promoter were found to be involved in transcription activa-
tion of PDGFR-� (27). Whether the formation of GVBQ
can also directly affect transcriptional activity is currently
unclear. However, when the GVBQ formed by the middle
three G-tracts (M2–3–4, Figure 2A), the remaining G-tracts
were unable to form another G-quadruplex at the 3′-end.
Thus, we hypothesized that enforced stability of GVBQ by
mPG in human cells will correspondingly reduce the form-
ing probability of the 3′-end structures. This may be one
of the mechanisms by which mPG causes a decrease of
PDGFR-� gene expression.

The regulatory role of GVBQ in the PDGFR-� pro-
moter indicates that GVBQ can be a new target for mod-

ulating gene expression. Compared with canonical G-
quadruplexes, targeting GVBQ had several advantages.
First, due to structural incompleteness, GVBQ was gen-
erally less stable than canonical G-quadruplexes (13,14).
Compounds that bind GVBQ can improve its stability to a
greater extent, thereby causing more significant changes in
the state of DNA structures and its binding by proteins. Sec-
ond, GVBQ, but not canonical standard G-quadruplexes,
could be filled and stabilized by guanine derivatives (14,17).
Thus, targeting GVBQ with guanine derivatives will leave
the other types of G-quadruplexes unaffected (Figure 8D).

In our previous studies (13,21), the formation of most
DNA GVBQs needed an additional molecular crowding
reagent (PEG). For example, the GVBQ of LRRC42 and
ABTB2 could hardly or partly form in the absence of PEG
(13), Correspondingly, we found a weak binding between
mPG with LRRC42 and ABTB2 (Figure 5C) and little
stabilization of LRRC42 by mPG (Supplementary Figure
S7D) in the absence of PEG. There was an exception, i.e.,
MYOG GVBQ, which could form in the absence and pres-
ence of PEG (13), Correspondingly, under our present ex-
perimental conditions, we detected the binding of mPG
with MYOG (Kd = 69.7 nM, Figure 5C) and the stabi-
lization of MYOG GVBQ by mPG (Supplementary Fig-
ure S7C). Compared with these GVBQs, the formation of
PDGFR-� GVBQ is less dependent upon environmental
conditions. Therefore, PDGFR-� GVBQ is a more robust
target among GVBQs.

Drug development by targeting GVBQ is still in its pre-
liminary stages. We previously reported that a guanine and
RHAU23 peptide conjugate (GRPC) could specifically rec-
ognize GVBQs by G-filling in the G-vacancy and binding
the G-quartet plane (21). This dual-specific targeting ap-
proach had also been reported in targeting G-quadruplexes
adjacent to duplex DNA (45–47). Using the same strategy
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as GRPC, we designed a new compound (mPG) by con-
necting a guanine with a porphyrin. As expected, mPG re-
tains the ability of GRPC to specifically recognize and sta-
bilize the GVBQ of PDGFR-�, with a binding Kd of 10.2
nM. More importantly, mPG overcame the cellular deliv-
ery shortcomings of GRPC, and successfully traveled into
cells to downregulate the expression of PDGFR-�. This is
an original report demonstrating that the expression level
of a specific gene can be regulated by targeting GVBQ with
compounds in human cells. However, the binding ability of
mPG to PDGFR-� GVBQ is lower than that of GRPC,
which means that mPG has room for further improvement.
For example, the porphyrin group of mPG can be replaced
with another molecule with higher affinity and specificity
to the terminal G-quartet plane or the groove of the G-
quadruplex.
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