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ABSTRACT:The signal transducer and activator of transcription 3
(STAT3) protein is a master regulator of most key hallmarks and
enablers of cancer, including cell proliferation and the response to
DNA damage. G-Quadruplex (G4) structures are four-stranded
noncanonical DNA structures enriched at telomeres and oncogenes’
promoters. In cancer cells, stabilization of G4 DNAs leads to
replication stress and DNA damage accumulation and is therefore
considered a promising target for oncotherapy. Here, we designed and
synthesized novel quinazoline-based compounds that simultaneously
and selectively a� ect these two well-recognized cancer targets, G4
DNA structures and the STAT3 protein. Using a combination of in
vitro assays, NMR, and molecular dynamics simulations, we show that
these small, uncharged compounds not only bind to the STAT3
protein but also stabilize G4 structures. In human cultured cells, the compounds inhibit phosphorylation-dependent activation of
STAT3 without a� ecting the antiapoptotic factor STAT1 and cause increased formation of G4 structures, as revealed by the use of a
G4 DNA-speci� c antibody. As a result, treated cells show slower DNA replication, DNA damage checkpoint activation, and an
increased apoptotic rate. Importantly, cancer cells are more sensitive to these molecules compared to noncancerous cell lines. This is
the � rst report of a promising class of compounds that not only targets the DNA damage cancer response machinery but also
simultaneously inhibits the STAT3-induced cancer cell proliferation, demonstrating a novel approach in cancer therapy.

� INTRODUCTION

Drug resistance presents a major challenge in cancer therapy.
The combination of two or more therapeutic agents with
di� erent targets is therefore used with the aim to improve the
therapeutic e� ect and reduce the development of drug
resistance. Likewise, a single molecule active on two distinct
cancer targets should result in similar therapeutic bene� ts and
also reduce the risk of drug� drug interactions. However, this
strategy is rare, likely because it is di� cult to develop such
dual-target compounds.

A well-known strategy to combat cancer is to cause DNA
damage. This is detrimental to the majority of cancer cells
because of their dysfunctional DNA repair mechanisms,
resulting in apoptosis. For instance, breast cancer cells that
are BRCA1/BRCA2 de� cient, and therefore defective in
repairing their DNA through homologous recombination, are
treated in clinics with DNA-damaging agents, such as cis-platin
and poly(ADP-ribose) polymerase (PARP) inhibitors.1 How-
ever, many cancer cells circumvent this by blocking
programmed cell death and become resistant to treatment.2

The use of compounds that target antiapoptotic pathways

therefore have great potential for synergism with compounds
that cause DNA damage. Two recognized cancer targets along
this line that have lately gained a lot of attention are G-
quadruplex (G4) DNA structures and the STAT3 protein. G4
DNA structures are four-stranded secondary DNA structures
that play important roles in regulating gene expression. In the
human genome, it is estimated that G4 structures can form at
over 700 000 positions.3 G4 structures are over-represented in
oncogenes and regulatory genes, and under-represented in
housekeeping and tumor suppressor genes,4,5 and therefore
suggested to be promising chemotherapeutic targets. This is
further supported by the high occurrence of G4 structures in
the telomeres and by their ability to inhibit telomerase action
and obstruct DNA replication and repair, which leads to
activation of the DNA damage response pathway resulting in
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apoptosis.6,7 Furthermore, cancer cells possess more G4 DNA
structures compared to noncancerous cells,8 and clinical trials
have been conducted with the G4-stabilizing compound CX-
5461 for treatment of BRCA1/2-de� cient tumors9 as well as
compound CX-3543 for treatment of carcinoid and neuro-
endocrine tumors.10

The Janus kinase/signal transducer and activator of
transcription (JAK/STAT) signaling pathway plays important
roles in cell growth and survival. Activation of the members of
the STAT family of proteins through phosphorylation is thus
tightly regulated, and loss of this control correlates with
pathological conditions. In particular, uncontrolled/constitu-
tive active STAT3 is frequently detected in several cancer
types,11,12 and STAT3 is therefore considered to be a
promising cancer drug target.13 Unphosphorylated and inactive
STAT3 exists in a monomeric state and localizes mainly in the
cytoplasm. When STAT3 is phosphorylated, it dimerizes and
translocates into the nucleus where it promotes transcription of
target genes, of which many are oncogenes.14 Subsequently,
downstream pathways act in cancer cell survival, proliferation,
invasion, and metastasis.2 Thus, inhibition of STAT3
phosphorylation blocks its activation and represents one of
the main strategies in STAT3-related drug development.15

Here, we synthesized 47 quinazoline analogues and analyzed
them with biochemical and biophysical methods, molecular
modeling, microscopy, and cell experiments. These studies
reveal the mechanism by which the quinazolines selectively
stabilize G4 DNA structures in cells. Additionally, we show
that the same lead compounds also block phosphorylation of
the STAT3 protein without a� ecting STAT1. Treatment of
human cells with the compounds increased DNA damage and
induced apoptosis. Importantly, treated breast cancer-derived
cells showed reduced viability compared to noncancerous cells
from breast tissue. Thus, we present quinazoline compounds
that selectively bind to two independent chemotherapeutic
targets, which represent a novel chemotherapeutic strategy.

� RESULT AND DISCUSSION

4f and 8g Selectively Bind and Stabilize G4
Structures in Vitro. We previously screened >30 000
compounds for their ability to bind to three di� erent G4
structures, and we identi� ed quinazoline-based compound5b
as having the ability to both bind and stabilize G4 structures.16

Furthermore, we reported16 that a compound with structural
resemblance to5b had been identi� ed in a screen for
compounds that selectivelyinhibit phosphorylation of
STAT3 at tyrosine 705 (pSTAT3).17 Intrigued by this
potential for dual targeting, we designed and synthesized a
library of 47 analogues (Scheme 1). Initially, we determined
the G4 stabilization e� ect of these analogues by measuring the
progression of Taq DNA polymerase on DNA templates
carrying G4 structures with di� erent topologies and one non-
G4 control DNA template,16,18 and we identi� ed several
selective G4-stabilizing compounds and structure� function
relationships (Figures S1� S3). For our subsequent experi-
ments, we selected compounds4f and8g (Scheme 1) because
these were the most e� ective in stabilizing the di� erent G4
topologies without a� ecting the non-G4 DNA (Figure S3).
Dose-dependent studies of these two compounds showed an
up to 10-fold improvement in G4-associated inhibition of
DNA polymerization compared to the original hit5b,
suggesting that these two compounds e� ciently stabilize G4
structures (Figures 1a,1b, andS4� S9a). The topologies of the
G4 structures had slightly di� erent impacts on the stabilization
ability of the compounds, and5b and 8g had stronger
preferences for parallel DNA structures than a hybrid DNA
structure.4f stabilized the ribosomal parallel and hybrid DNA
structures equally well and showed very strong preference for
the well-characterized parallelc-MYCPu24T G4 structure
(Figures 1a,1b, andS4� S9a). By surface plasmon resonance
(SPR) and microscale thermophoresis (MST) the dissociation
constant (KD) of 4f for thec-MYCPu24T G4 DNA structure
was estimated to be� 180 nM (Figure 1c� f). Moreover, the
compounds were selective for G4 DNA over single-stranded
DNA (ssDNA) because the a� nity of4f and8g measured by

Scheme 1. Scheme of Compounds Synthesis

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.9b11232
J. Am. Chem. Soc.2020, 142, 2876� 2888

2877

http://pubs.acs.org/doi/suppl/10.1021/jacs.9b11232/suppl_file/ja9b11232_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b11232/suppl_file/ja9b11232_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b11232/suppl_file/ja9b11232_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b11232/suppl_file/ja9b11232_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.9b11232?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b11232?fig=sch1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.9b11232?ref=pdf


SPR and/or� uorescence titrations for the ssDNA control
oligonucleotide was negligible (Figures S9 and S10).

To analyze the compounds’ binding interactions with G4
DNA structures, we performed nuclear magnetic resonance
(NMR) studies with thec-MYCPu24T G4 DNA structure by
monitoring chemical shift changes of the imino protons of
guanines in the G4 structure.19 In agreement with the SPR,
MST, and/or � uorescence titration results, the NMR data
showed that both4f and8g bound to thec-MYCPu24T G4
structure (Figures 2a, 2b, andS11a). However, the chemical
shift changes could not be quanti� ed for 8g because line
broadening of the imino peaks was observed instead of a new
set of peaks (Figure S11a), which suggests multiple binding
modes or fast on� o� rates. By mapping the peak shift changes
induced by4f to the c-MYCPu24T G4 NMR structure, we
found that4f strongly a� ected two of the guanines on one side
of the top G-tetrad (G-4 and G-8) (Figure 2a� c) and guanine
G-5 in the second G-tetrad located below G-4 and G-8 (Figure
2c). The strong e� ect on one side of the top G-tetrad could
potentially be explained by binding interactions with the 5�
DNA sequence� anking the G4 or by a more atypical

intercalative binding mode. To investigate these potential
binding modes, we next performed molecular dynamics (MD)
simulations based on the NMR results. When4f was modeled
on the top of the� rst G-tetrad, it mostly interacted with G-4
and G-8 in the� rst G-tetrad but also with G-17, although no
chemical shift changes were observed for G-17 in the NMR
experiments (Figure 2c� e). When the compound was
intercalated between the� rst and the second G-tetrad it also
generated a stable structure where4f mostly interacted with G-
4 and G-8, leaving G-17 largely una� ected in accordance with
the NMR results (Figure 2c, 2f, and2g). The MD-predicted
a� nity for the top-binding mode was weaker than that for the
intercalating conformation (Table S1). The intercalative
binding mode would explain4f’s high a� nity despite being
neutral and having a low molecular weight, which is rare for
compounds that target large and� at binding surfaces such as
end stacking with G4 structures. Nevertheless, the intercalative
binding mode is unusual for G4-stabilizing compounds, and
even though our data match better for this binding mode, the
most commonly described end-stacking binding mode cannot
be excluded without further structural elucidation.

We also performed MD simulations with8g, which
suggested di� erent types of end-stacking binding modes for
this compound (Figure S11b and Table S2). In fact, modeling
of 8g in the intercalative binding mode did not give good
results and prohibited subsequent MD simulations (data not
shown).

HeLa Cells Are Sensitive to 4f and 8g Resulting in
Replication Stress, DNA Damage, and Apoptosis.Next,
we investigated whether the compounds are able to enter into
cultured human cells. We� rst took advantage of the
� uorescence properties of8g (Figure S12a) and performed
in vivo live imaging of HeLa cells by 2-photon excitation
microscopy and confocal laser scanning microscopy (CLSM).
We detected the accumulation of8g in the nucleolar G4-rich
regions already at 10 min after the start of the treatment
(Figure S12b� d). Detection of nucleolar localization is typical
for many� uorescent G4 ligands.20� 24 Moreover, we con� rmed
4f and 8g uptake by Caco-2 cell permeability experiments
(Table S3). Together these data show that both4f and8g are
able to enter into human cells.

Because human cancer cell lines, HeLa cells in particular,
have increased amounts of G4 DNA structures compared to
noncancerous cells like human primary� broblasts (HPFs),25

we compared the e� ect of5b, 4f, and8g on these two cell
types. Increasing concentrations of all three compounds were
toxic to both HPFs and HeLa cells (4f and8gwere both more
toxic compared to5b) ( Figure 3a and3b). Notably, while the
dose response of5b was the same in the two cell types,4f was
slightly more toxic to HeLa cells and8g had a signi� cantly
stronger e� ect on HeLa cells compared to HPFs (at 2.5� 7.5
� M) ( Figure S13a� c). The largest di� erence in cell survival
was observed when HPFs (90.4% viable cells) and HeLa cells
(8.6% viable cells) were treated with 2.5� M 8g(Figure S13c),
showing that HeLa cells are about 10-fold more sensitive to8g
than HPFs.

One explanation for the observed cell viability e� ects might
be perturbed DNA replication.9 To examine the e� ect of8gon
DNA replication, we performed DNA� ber analysis in HeLa
cells (Figure 3c and3d). The mean DNA replication tract
length was signi� cantly shorter in8g-treated cells compared to
mock-treated cells (p = 5.4× 10� 19) ( Figure 3e), suggesting
that 8g a� ects the DNA replication speed. DNA replication

Figure 1.Compounds4f and8g selectively stabilize G4 structures in
vitro. Dose response analyses of the Taq-polymerase stop assay with
(a) 4f and (b) 8g with the di� erent G4 templates (hybrid telomeric
G4, magenta; parallel ribosomal G4, blue; parallelc-MYCPu24T G4,
green; antiparallelcdc13+ promoter DNA, red) and non-G4 DNA
(black) templates used in the primary Taq-polymerase assay screens
(Figures S4, S5, and S8). Numbers represent the estimated IC50
values. Binding of4f to the c-MYCPu24T G4 DNA structure was
measured by SPR showing the (c) sensorgrams and (d) dose response
curve as well as by MST analysis showing the (e) binding curves and
(f) dose response curve. IC50 and KD values show mean of three
measurements± SD.
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tract length was not determined in4f-treated cells. Decreased
DNA replication speed could potentially be a sign of DNA
damage accumulation, which can be detected by phosphory-
lated histone H2A.X (� H2A.X) protein levels.26

We treated HeLa cells with increasing concentrations of5b,
4f, and8g based on the e� ects detected in the cell viability
assay (Figure 3a), and we found an increased� H2A.X signal
compared to the mock-treated cells (Figure 4a and4b). We
also analyzed the upstream phosphorylation of ATM serine/
threonine kinase (ATM), the major kinase involved in the
phosphorylation of H2A.X.27 The individual presence of all
three compounds increased ATM phosphorylation levels,
con� rming that they all induce a DNA damage checkpoint
response (Figure 4a and 4b). Surprisingly,8g showed a
di� erential dose response for ATM and H2A.X phosphor-
ylation (Figure 4a and4b). At 5 � M 8g, the � H2A.X levels
were increased but the ATM phosphorylation levels were
unchanged, whereas at higher compound concentrations both
ATM and H2A.X were phosphorylated (Figure 4a and4b).
These data suggest that cells treated with 5� M 8g undergo
ATM-independent phosphorylation of H2A.X, while at higher
concentrations the compound causes increased� H2A.X
through the ATM-dependent pathway. It has been reported
that in cells treated with ionizing radiation a lower radiation
dose leads to a strong decrease in the cell survival rate as a
result of ATM-independent H2A.X phosphorylation. On the

other hand, high radiation doses lead to phosphorylation of
ATM and consequently DNA repair activation and thus have a
less pronounced e� ect on cell survival.28 We con� rmed a
similar mechanism for8g by measuring apoptosis with
increasing compound concentrations. At 5� M, the proportion
of apoptotic cells was about 2-fold higher (23.1%) compared
to cells treated with either 10 or 20� M 8g (10.7% and 13%,
respectively) (Figures 4c andS14a). This � nding explains the
inverted cell viability dose response with8g (Figure 3a).

4f Treatment Is Toxic to Triple-Negative Breast
Cancer Tumor Cells.On the basis of our primer extension
assays and SPR analysis, we observed e� cient stabilization of
telomeric G4 DNA by4f (Figures 1a, S3b, S5a, and S9d).
Furthermore, HeLa cells treated with4f had� 4-fold increase
in the formation of internuclear chromatin bridges (ICBs)
(Figure 4d and4e), a hallmark of telomere instability.29 Similar
to 4f, the G4-stabilizing compounds, CX-5461 and CX-3543,
also induce replication defects, DNA damage, and telomere
instability, all important properties for DNA-targeting cancer
drugs.9,10 In fact, the highly aggressive triple-negative breast
cancer cell lines, MDA-MB-231 and MDA-MB-436, are among
the most sensitive breast cancer cell lines toward CX-5461.9

Furthermore, MDA-MB-436 cells have aBRCA1mutation that
results in loss of nuclear BRCA1 protein expression.30 We
treated these cell lines with4f to examine if MDA-MB-231 and
MDA-MB-436 are also more sensitive to4f than healthy

Figure 2.Binding modes of4f to thec-MYCPu24T G4 structure. (a) Imino region of the1H NMR spectrum ofc-MYCPu24T in the absence
(bottom) and presence of 0.5 equiv of4f (middle) and 1 equiv of4f (top). New set of well-de� ned peaks appeared upon addition of4f, originating
from the4f:DNA complex. At a 1:2 ratio of4f to DNA, both free and bound forms of the imino peaks were observed, which were used to assign the
bound form. Peaks marked with asterisks originated from the DNA in complex with4f. Sizes of the induced chemical shift changes could be
determined by observing exchange peaks in a 2D NOESY spectrum (b) of 0.5 equiv of4f binding toc-MYCPu24T G4 DNA. O� -diagonal peaks
represent cross-peaks from the exchange between free and bound form of DNA. (c) Cartoon showing the structure ofc-MYCPu24T G4 DNA and
interactions of the di� erent guanines in the presence of4f based on the NMR data in a and b. (d) Top and (e) side views of an end-stacking
binding model compared to (f) top and (g) side views of an intercalative binding model from two of the largest MD clusters of thec-MYCPu24T
G4 DNA-4f complex. Color coding is the same in c� g. Observed chemical shift changes in the NMR data are shown in red (large shifts), yellow
(moderate shifts), and blue (no/small shifts).
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epithelial cell lines derived from benign proliferative breast
tissue, MCF-10a. Indeed at 7� M, a concentration that was not
toxic for the control breast cell lines, we found reduced
viability of both the MDA-MB-231 and the MDA-MB-436
tumor cell lines, 60% and 55%, respectively (Figure 4f). In
addition, and similar to CX-5461, both cell lines were more
sensitive to4f compared to the noninvasive and less aggressive
breast cancer cell line MCF-7, which is BRCA1+/+ and does
not contain known mutations in DNA damage repair genes
(Figure 4f).

These data demonstrate that triple-negative breast cancer
cell lines are more sensitive to4f treatment than cell lines
derived from control breast tissue, suggesting that4f, similar to
CX5461, which is in clinical trial phase I,9 may be a good drug
candidate in treating triple-negative breast cancer and target
tumor cells that are de� cient in DNA damage repair pathways.
Similar to4f, the breast cancer cells MCF-7, MDA-MB-231,
and MDA-MB-436 are more sensitive to8g compared to the
cell line derived from benign proliferative breast tissue, MCF-
10a (Figure S13d).

Treatment with 4f and 8g Results in Increased BG4
Foci in HeLa Cells.To determine if4f and8g stabilize G4
DNA structures in human cell culture, we used the anti-G4
DNA antibody BG425 and performed immuno� uorescence
microscopy to visualize and quantify G4 DNA structures in
HeLa cells. At the compound concentrations that resulted in a
DNA damage response (Figure 4a and4b), we found that the
number of BG4 foci per cell nucleus increased signi� cantly in
the treated cells compared to mock-treated cells (4f p = 5.52×
10� 13 and 8g p = 1.06× 10� 6) ( Figure 5). The increased

number of BG4 foci could already be detected after 1 h of
treatment with 20� M 8g (Figure S14b). In contrast, cells
treated with 5� M 8g, a concentration that caused
phosphorylation of H2A.X without ATM activation, did not
show an increase in the number of BG4-positive foci/cell,
suggesting that the ATM-independent phosphorylation of
H2A.X is not dependent on G4 stabilization (Figure S14b).
Together, these data support the hypothesis that8gand4f are
able to stabilize G4 DNA structures in cells and that this
induces replication stress and DNA damage and thus reduces
cell viability. However,8g a� ected the viability more strongly
compared to4f, and this cannot be explained only by G4 DNA
stabilization because4f is at least as e� ective as8gin stabilizing
G4 DNA structures both in vitro and in human cells (Figures
1a,1b, 5, andS3a and b).

Phosphorylation of STAT3 Is Inhibited by 4f and 8g
by Direct Binding. To examine if the reduced viability is due
to unsuccessful STAT3 activation, we tested if our compounds
a� ect pSTAT3 levels in human cells. We treated HeLa cells
with 4f, 5b, or 8g, which indeed resulted in a reduction of the
pSTAT3 protein levels for all three compounds (Figure 6a). In
4f-treated cells, pSTAT3 reduction occurred at 50� M (Figure
6a and6b), a concentration at which G4 stabilization was also
increased (Figure 5c). In contrast, in8g-treated cells pSTAT3
was inhibited already at 5� M (Figure 6a and 6b), a
concentration at which we did not detect any increase in the
number of BG4-positive foci (Figure S14b). Together these
data suggest that4f and 8g act on both G4 structures and
pSTAT3, although8g-dependent pSTAT3 inhibition occurs at
lower concentrations than the G4 structure stabilization,
resulting in the activation of two di� erent processes that
ultimately lead to cell death (Figure 4c). At the highest
concentration tested for each of the compounds, total STAT3
levels were also a� ected (Figure 6a). However, the reduction
of pSTAT3 occurred at lower compound concentrations, and a
dose-dependent reduction of the pSTAT3/STAT3 ratio was
observed (Figure 6b), indicating that the reduced pSTAT3
levels were not dependent on the total STAT3 protein levels.
Because STAT3 levels are positively autoregulated,31 STAT3
downregulation might represent a consequence of pSTAT3
inhibition. In agreement, we con� rmed a direct interaction
between4f and8gwith STAT3 protein by SPR analysis (4f KD
= 45� M, 8gKD = 15.5� M) ( Figures 6c� e andS15), showing
that4f and8gbind to the STAT3 protein and might therefore
directly interfere with STAT3 phosphorylation.

STAT1, another member of the STAT family of proteins
that have antiproliferative and pro-apoptotic functions,32

shares around 50% amino acid sequence homology with
STAT3.33 Importantly, none of the compounds tested here
a� ected the total or phosphorylated levels of STAT1 (Figure
6a and6b), indicating that the compounds selectively inhibit
STAT3 over STAT1. Therefore,4f and8g not only stabilize
G4 structures but also selectively inhibit the STAT3-mediated
pathway, which is an important pathway in cancer therapeutics.

8g Localizes into the Nucleus in S. pombeCells and
Perturbs Replication Fork Progression. Although the
JAK/STAT signaling pathway is essential for multicellular
organisms, it is not present in unicellular organisms such as the
� ssion yeastSchizosaccharomyces pombe.34,35 However, the
positions of many G4 structures are conserved betweenS.
pombeand multicellular organisms,36,37 and unresolved G4
structures result in fork pausing and DNA damage,37,38

indicating that G4 structures also form inS. pombe. Therefore,

Figure 3.HeLa cells are sensitive to the novel compounds resulting in
replication stress. Cell viability assay of (a) HeLa and (b) HPFs
treated for 48 h with5b, 4f, or 8g at the indicated concentrations.
Data represent the mean± SD,n � 3. (c) Schematic of the DNA� ber
analysis. (d) Representative images of replication tracts with di� erent
lengths. Intact DNA� bers displaying iodo-deoxyuridine (IdU) labels
(red) � anked by chloro-deoxyuridine (CldU) labels (green). (e)
Quanti� cation of the� ber length (kb) in treated (8g) versus mock
cells (� ). Data represent populations of individual DNA� bers for
each condition of the� nal experiment (63 for control and 52 for
treatment). Mean± 2SD is indicated. Welch-corrected two-samplet
tests of ln-transformed data were used, andp value is indicated.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.9b11232
J. Am. Chem. Soc.2020, 142, 2876� 2888

2880

http://pubs.acs.org/doi/suppl/10.1021/jacs.9b11232/suppl_file/ja9b11232_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b11232/suppl_file/ja9b11232_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b11232/suppl_file/ja9b11232_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b11232/suppl_file/ja9b11232_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b11232/suppl_file/ja9b11232_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b11232/suppl_file/ja9b11232_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.9b11232?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b11232?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b11232?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b11232?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.9b11232?ref=pdf


to con� rm that the e� ects of4f and8g on HeLa cells are a
consequence of G4 stabilization and not merely a result of the
pSTAT3 inhibition, we tested the e� ect of these compounds in
S. pombe.

For this study, we employed anS. pombemutant strain in
which the multidrug-resistant response pathway has been
partly deleted, as wild-typeS. pombecells are multidrug
resistant due to very e� cient drug e� ux pumps.39,40 We found
that 8g localized into the nucleus (Figures 7a andS16a) and
a� ected the growth of asynchronousS. pombecells (Figure
7b). 4f did not a� ect cell growth, probably due to a limited cell
uptake inS. pombe(Figure 7b).39 Cells treated with 8� 12 � M
8g showed a 4-fold decrease in the number of doublings and
altered cell morphology compared to mock-treatedS. pombe
cells (Figure 7b and7c). To determine if the reduced cell
growth was due to slower S-phase, we examined whether8g
a� ects the cell cycle progression of synchronizedS. pombecells
(Figure S16b). Synchronized cells released from the G2 phase
treated with 5� M 8g showed both delayed (� 100 min after
release instead of� 80 min) and prolonged (120 min instead of
80 min) S-phase compared to mock-treated cells (Figure 7d).
Increasing the concentration of8g to 10 � M resulted in G2-

arrested cells that were unable to progress through the cell
cycle (Figure 7d).

To more directly examine the e� ect of 8g on DNA
replication, we performed DNA� ber analysis (Figure 7e). The
mean DNA replication tract length was signi� cantly shorter in
8g-treated cells compared to mock-treated cells (p = 1.6 ×
10� 7) ( Figure 7e), suggesting that8g a� ects DNA replication
progression inS. pombein a STAT3-independent manner.

� CONCLUSIONS

We show that the quinazoline compounds can selectively
stabilize G4 structures both in vitro and in human cell culture.
In addition, the quinazoline lead compounds also selectively
inhibit the STAT3-mediated pathway by binding to the
STAT3 protein (Figure S17) without a� ecting the STAT1
protein. We show that our compounds induce replication
stress, telomere and genome instability, and apoptosis and
might therefore be bene� cial for use in cancer therapy. In fact,
we detected reduced viability of aggressive breast cancer cells
compared to cells from healthy breast tissue treated with the
lead compound.

Figure 4.Compounds4f and8g induce DNA damage response and genome instability in HeLa cells. (a) Immunoblot analysis of soluble (for
pATM, ATM, and PCNA) and chromatin-bound (for� H2A.X and H2AX) protein fractions extracted from HeLa cells treated for 12 h with5b, 4f,
or 8g at the indicated concentrations. PCNA was used as loading control of the soluble protein fractions. (b) Quanti� cation of the immunoblot
analysis in a. Error bars represent the mean± absolute error (n = 2) for5band4f and the mean± SD (n = 3) for8g. (c) Number of apoptotic cells
(annexin V-positive cells) measured by� ow cytometry. HeLa cells were treated for 12 h with8gat the indicated concentrations and stained with
propidium iodide and annexin V. Data represent the mean± SD (n = 3). Analysis of the data was performed using two-samplet tests with assumed
equal variance, andp values are indicated. (d) Representative images of HeLa cells treated for 12 h with 50� M 4f (right) or DMSO (left). Cell
nuclei were stained with DAPI upon cell� xation. Black arrows indicate ICBs. Scale bars indicate 40� m. (e) Fold change in the number of ICBs in
treated versus untreated cells. At least 350 cells from six technical replicates were counted for each treatment, and data represent the mean± SD of
three independent experiments. Analysis of the data was performed using the two-samplet test. (f) Viability of di� erent cell lines. Cells were treated
for 48 h with 7� M 4f. Data represent the mean± SD (n = 3). Analysis of the data was performed using the two-samplet test.
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Although both stabilization of G4 structures and pSTAT3
inhibition have independently shown promising e� ects in
inhibiting cancer growth in di� erent model systems,14,41

neither strategy has yet resulted in successful clinical
trials.10,42� 44 The ability to a� ect these two targets with a
single low molecular weight compound represents a chemo-
therapeutic concept with potential bene� ts such as synergism
and reduced drug resistance and thus may be of high
therapeutic relevance in the clinics.

� EXPERIMENTAL SECTION
Compound Synthesis. Detailed procedures for compound

synthesis are described in theSupporting Information.
Statistical Analysis.The minimal sample sizes for the microscopy

experiments (BG4 immunostaining of human cells andS. pombeand
� ber analysis) were determined by pilot experiments. Distribution
plots and quantile� quantile plots were used to graphically examine
the normality of the sample distributions. Transformation to natural
logarithms was performed if required.p values were calculated by a

two-sided Welch-correctedt test in the case of unequal variance.
Unequal variance was determined by theF test. E� ect sizes and the
means with asymmetric±2SD were calculated. In the ICB experiment
and� ow cytometry, a two-sided Student’s t test with assumed equal
variance was used to determine signi� cant di� erences. Ap value <
0.05 was considered signi� cant. All calculations were performed in
Microsoft Excel and OriginPro 2016 software. Microscopy of BG4
immunostaining of human cells was single blinded using the DAPI
channel for sample acquisition. Fiber analysis and ICB experiments
were not blinded.

Taq DNA Polymerase Assay.All DNA molecules used in the
assay were purchased from Euro� ns Genomic (Table S4), and the
experiment was performed as described previously.16 In brief, each
reaction contained 40 nM template DNA incubated with 25� M
compound, and the control reaction used 5% DMSO in place of the
compound. Each reaction was run for 10 min. The� nal quanti� cation
was the average value of two independent experiments along with the
absolute error. For the dose response analysis, 40 nM template DNA
was incubated with a 0.06, 0.16, 0.4, 1, 2.6, 6.4, 16, or 40� M

Figure 5.Treatment with4f and8g results in increased BG4 foci in
HeLa cells. (a) Representative images of HeLa cells stained with the
BG4 antibody after treatment for 12 h. (b and c) Quanti� cation of
BG4-positive cell nuclei. Data represent populations of individual cells
for each condition of the� nal experiment: (b) DMSO (� ) = 133
cells,8g20 � M = 111 cells; (c) DMSO (� ) = 130 cells,4f 50 � M =
85 cells). Means± 2SD are indicated. Analysis of the data was
performed using Welch-corrected two-samplet tests of ln-transformed
data, andp values are indicated.

Figure 6.Phosphorylation of STAT3 is inhibited by direct binding of
4f and8gto the STAT3 protein. (a) Total cell lysate from HeLa cells
treated for 12 h at the indicated concentrations of5b, 4f, or 8g
immunoblotted with the indicated antibodies. Actin was used as the
loading control. (b) Quanti� cation of the immunoblot analysis in a.
Error bars represent the mean± absolute error of two independent
experiments. SPR sensorgrams of (c)4f and (d) 8g binding to
STAT3 protein with corresponding (e) dose response curves
(tri � uoroacetic acid salt (TFA) of8g was used (seeSupporting
Information) to increase the solubility of8gwithin the concentration
range used in this experiment). Average of three measurements is
shown± SD, and full graphs are presented inFigure S15.
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