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Limiting cellular plasticity is of key importance for the therapeutic targeting of metastatic breast cancer
(MBC). Fibroblast growth receptor (FGFR) is a critical molecule in cellular plasticity and potent inhibitors
of FGFR enzymatic activity have been developed, but kinase independent functions for this receptor also
contribute to MBC progression. Herein, we evaluated several FGFR inhibitors and find that while FGFR-
targeted kinase inhibitors are effective at blocking ligand-induced cell growth, dormant cells persist
eventually giving rise to MBC progression. To more broadly target FGFR and cellular plasticity, we
examined the FGFR1 proximal promoter, and found several sequences with potential to form
G-quadruplex secondary structures. Circular dichroism was used to verify formation of G-quadruplex in
the FGFR1 proximal promoter. Importantly, use of the clinical G-quadruplex-stabilizing compound, CX-
5461, stabilized the FGFR1 G-quadruplex structures, blocked the transcriptional activity of the FGFR1
proximal promoter, decreased FGFR1 expression, and resulted in potent inhibition of pulmonary tumor

formation. Overall, our findings suggest G-quadruplex-targeted compounds could be a potential
therapeutic strategy to limit the cellular plasticity of FGFR1 overexpressing MBC.

Metastatic breast cancer (MBC) is the most advanced stage of the disease
leading to the majority of breast cancer-related deaths'. However, the
mechanisms that govern MBC progression remain unclear, hindering
development of effective treatments. Receptor tyrosine kinases (RTKs) can
become constitutively activated through mutation, fusion, and gene
amplification events and in this setting, active-site binding kinase inhibitors
have become a mainstay of cancer therapy *. Wild-type RTKs still play key
roles in tumor progression and metastasis through integration of signals
from the tumor microenvironment’. Thirteen percent of breast cancer
patients have amplification of the fibroblast growth factor receptor 1
(FGFRI) locus on chromosome 8pl2, and this event correlates with
decreased patient survival®, Furthermore, the percentage of FGFRI ampli-
fication increases to 26% in breast cancer metastases’. Expression of FGFR1
is also upregulated during epithelial-mesenchymal transition (EMT), which
is a key driver of cancer metastasis’. Additionally, FGFR1 signaling can
stabilize Twist, an EMT-related transcription factor, and propagate drug-

persistent, mesenchymal subpopulations’. Previous findings by our lab and
others demonstrate that genetic depletion of FGFR1 hinders pulmonary
metastasis®’. However, unlike urothelial and bile duct carcinomas where
FGFRs become mutationally activated, clinical studies demonstrate mini-
mal response to FGFR kinase inhibitors in FGFRI-amplified BC
patients'*™".

In addition to its kinase activity, nuclear trafficking and other non-
enzymatic functions of FGFR have been proposed in breast and pancreatic
cancer'*'®. For instance, FGFRI has been found to localize in the nucleus of cells
invading through 3D matrixes and in patient samples of invasive BC'. Con-
cordant with these observations, our previous studies demonstrate that during
EMT, FGFRI1 disassociates from E-cadherin and can translocate to the
nucleus®. Given these findings, therapeutic approaches of targeting total FGFR1
expression as opposed to only blockade of kinase function are being pursued"’.

G-quadruplex are noncanonical, four-stranded secondary structures of
DNA or RNA. They consist of stacked planar G-tetrads, which are four
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guanines connected via Hoogsteen hydrogen bonds'®. G-quadruplex com-
monly form in the promoter regions of oncogenes. For instance,
G-quadruplex are known to characterize the proximal promoter regions of
¢-Myc and PDGFR". Resolution of the G-quadruplex is required for
efficient transcription. Given their potential to restrict oncogenic gene
expression and influence DNA damage repair, small molecules capable of
binding to and stabilizing G-quadruplex have attracted significant attention
as a promising therapeutic approach in cancer” . Some of these molecules
have progressed to clinical evaluation, representing a new category of epi-
genetic therapies”".

Herein, we present an in-depth evaluation of several FGFR kinase
inhibitors. These studies clearly depict the efficacy of kinase inhibition to
block ligand-induced cell growth, but also demonstrate failure to eliminate
residual FGFRI-amplified breast cancer cells. Evaluation of the proximal
promoter of FGFRI revealed G-quadruplex forming sequences. Application
of the G-quadruplex stabilizing small molecule, CX-5461, robustly inhibited
FGFRI expression and limited pulmonary tumor progression. Overall, this
work supports the hypothesis that G-quadruplex stabilization could be an
effective strategy for the treatment of MBC in part through diminished
expression of FGFRI1.

Results

Inhibition of FGFR kinase activity suppresses tumor growth but
fails to eliminate residual breast cancer cells

To investigate the efficacy of targeting FGFR kinase activity in MBC, we first
utilized the murine 4T07 tumor model. When delivered to the lungs of fully
immune-competent Balb/C mice via tail vein injection, these cells quickly
form pulmonary tumors”. In our previous studies, treatment of mice
bearing 4T07 pulmonary tumors with 100 mg/ml of the FDA-approved
FGFR inhibitor, erdafitinib reduced tumor growth, although minimal
residual disease was still detectable, and this dose caused significant weight
loss in the animals, limiting treatment duration™. Here, we used 50 mg/ml of
erdafitinib, a concentration that allowed for continuous treatment, reduced
toxicity, still significantly slowed tumor growth, and extended the survival
time of these animals (Fig. 1 A—C). However, consistent with clinical results
in breast cancer, disease still progressed while animals were on treatment
(Fig. 1C). Moreover, we evaluated the efficacies of two covalent FGFR
inhibitors, FIIN4 and futibatinib, in the highly metastatic, FGFR dependent
4T1 model of MBC (Fig. S1). Covalent inhibition of FGFR reduced 4T1
tumor growth, but complete tumor regression could not be achieved before
reaching dose-limiting toxicity (Fig. S1). In addition to these in vivo
approaches, we also compared the efficacies of FGFR kinase inhibitors in the
4T07 cell model growing in a 3D spheroid assay. This 3D culture approach
combines tumor spheroid formation in a non-adherent round bottom dish
followed by placement of the spheroid onto a bed of matrix’". Our results
demonstrate that 100 nM of these compounds significantly decreased the
growth of 4T07 3D spheroids irrespective of exogenous FGF2 (Fig. 1D). We
also utilized the 3D spheroid approach to evaluate these compounds against
the D2.A1 cells, a murine model of FGFRI-amplified MBC”. Unlike the 4T1
and 4T07 cells, addition of exogenous FGF2 is required to induce signaling
downstream of FGFR and this event can be effectively blocked by pre-
treatment with FGFR kinase inhibitors (Fig. S2)°. The addition of exogenous
FGF2 significantly stimulates growth of D2.A1 spheroids, and this was
prevented by all FGFR kinase inhibitors tested (Fig. 1E). These data suggest
complete and on-target inhibition of ligand-induced cell growth at these
concentrations. To further investigate the efficacy of FGFR kinase inhibitors,
we tested them using the D2.OR cell model of systemic dormancy. Similar to
their D2.A1 counterparts, the D2.OR cells express high levels of FGFRI, but
these cells stop growing when they are removed from traditional two-
dimensional culture and are placed in compliant 3D matrixes”. We have
recently demonstrated the 3D growth of the D2.OR cells can be rescued by
exogenous addition of FGF2%. Here, the addition of FGF2 similarly induced
the outgrowth of D2.OR spheroids in a compliant matrix (Fig. 1F). Addition
of FGFR kinase inhibitors again prevented this ligand-induced spheroid

growth, but trypsinization of these spheroids and return to 2D culture
resulted in colony formation by residual viable cells (Fig. 1G). Cellular
recovery from the spheroid assay was variable, preventing quantification,
but viable cells were always recovered from the spheroid assay, irrespective
of indicated treatment conditions. Taken together, these data indicate that
targeted inhibition of FGFR kinase activity effectively blocks ligand-induced
cell growth but fails to eliminate residual cells.

Formation of G-quadruplex in the FGFR1 proximal promoter
Given the limitations of only inhibiting the enzymatic activity of FGFR
and the established kinase-independent functions of FGFR, we sought to
evaluate alternate means of targeting this important oncogenic system.
Examination of the FGFRI proximal promoter identified three potential
G-quadruplex-forming sequences S1-S3 (Fig. 2A). To analyze the folding
topology and thermal stabilities of these putative G-quadruplex forming
sequences, we used circular dichroism (CD) spectroscopy (Fig. 2B). A
positive peak at 264 nm and a negative peak at 245 nm in the CD spectra of
S1 and S3 sequences indicate the formation of parallel G-quadruplex
structures, whereas the two positive peaks at 265 nm and 295 nm suggest a
hybrid conformation for S2 (Fig. 2C)**. CD-melting experiments showed
that both S1 and S3 G-quadruplex structures are stable far above physio-
logical temperatures with a melting temperature notably higher than S2
(Fig. 2D). Based on these results, we conclude that the S1 and S3 elements in
the FGFRI proximal promoter region are the predominant locations for
G-quadruplex formation and these structures can be stabilized by CX-
5461 (Fig. 2E).

G-quadruplex stabilization inhibits FGFR1 expression

Given that the FGFRI proximal promoter contains G-quadruplex forming
elements, we next investigated if small molecule ligands designed to bind to
and stabilize G-quadruplex could impede FGFR1 expression. To this end,
we tested the effect of the G-quadruplex binder, CX-5461, on the thermal
stability of FGFR promoter G-quadruplex. Using CD melting experiments,
we showed that CX-5461 stabilized the major FGFRI G-quadruplex formed
in the S1 and S3 elements by 16 °Cand 23 °C, respectively (Fig. 2D). We next
evaluated the impact of CX-5461 on FGFR1 expression in the BT549 model
of FGFRI amplified triple-negative breast cancer. CX-5461 and a structu-
rally similar compound, quarfloxin, both downregulated FGFR1 expression
at the mRNA and protein levels as much as or more as compared to inhi-
bition of c-Myc expression, a known target of G-quadruplex regulation
(Fig. 3A-D)”. Further confirming G-quadruplex-mediated regulation of
FGFR1, we observed that FGFRI1 expression is also inhibited by the G-
quadruplex-binding molecule TMPyP4 but not by its position-isomer
TMPyP2, which does not bind G-quadruplex (Fig. 3E). In addition to
blocking constitutive expression of FGFRI, we also found that
G-quadruplex stabilization was able to inhibit EMT-induced expression of
FGFRI driven by ectopic expression of the master EMT transcription factor
Twist (Fig. S3).

To more directly examine the regulatory functions of G-quadruplex in
the FGFRI proximal promoter, we constructed luciferase reporters driven
by truncated FGFRI promoter sequences containing the major
G-quadruplex forming elements, S1 and S3 (Fig. 4A). The absolute tran-
scriptional activity of both constructs was similar and highly active as
compared to a ‘promoterless’ control (Fig. 4B). Consistent with our
observed inhibition of endogenous FGFRI expression, the transcriptional
activity of both reporter constructs was significantly inhibited upon CX-
5461 treatment (Fig. 4C). Given that similar transcriptional activity and CX-
5461 inhibition was observed with the S3 sequence alone, we sought to
disrupt G-quadruplex formation in this construct. Importantly, mutation of
the S3 sequence to prevent G-quadruplex-forming capability abolished the
ability of CX-5461 to inhibit luciferase reporter activity (Figs. S4 and 4D).
Taken together, these findings suggest that the FGFRI proximal promoter
forms G-quadruplex that can be stabilized by CX-5461, limiting
transcription.
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Fig. 1 | Inhibition of FGFR kinase activity suppresses tumor growth but fails to
eliminate dormant breast cancer cells. A Representative bioluminescence imaging
(BLI) images of control and erdafitinib (Erd) treated (50 mg/kg/po/qd) mice bearing
4T07 pulmonary tumors monitored by bioluminescence 13 days following tail vein
inoculation. B Bioluminescent values from pulmonary regions of interest (ROI)

were normalized to the values at the initial day of injection. Data are the individual
values for each mouse (1 = 5) per treatment group. C Kaplan-Meier analyses of

control and erdafitinib treated mice, bearing 4T07 pulmonary tumors, resulting in
the indicated p-value. D 4T07 spheroids expressing luciferase were formed in non-
adherent round bottom plates and then plated onto a bed of matrix in the presence or

absence of FGF2 (20 ng/ml) or the indicated FGFR inhibitors (100 nM).

E D2.A1 cells expressing luciferase were similarly used in spheroid culture, treated,
and analyzed as in panel D. F D2.OR cells expressing luciferase were similarly used in
spheroid culture, treated, and analyzed as in panels D and E. Luminescence values at
day 6 were normalized to the non-stimulated (NS) conditions. Scale bars in panels
D-F are 1000 um. Data are the mean * s.e.m. (1 > 3) where *p < 0.05. G Following
3D culture, D2.0OR spheroids were trypsinized and single cells were plated on tissue
culture plastic. Colony formation in 10 cm” tissue culture dishes was visualized by
crystal violet staining 14 days later as a measure of dormant cell survival.

G-quadruplex stabilization can block FGF-induced growth and
eliminate dormant cells

In addition to human TNBC cells, we also evaluated the impact of CX-5461
on FGFRI expression in the D2.A1 murine model of FGFRI-amplified
metastatic breast cancer. While the S1 sequence is not conserved between
human and mouse, the S3 G-quadruplex sequence is identical between
human and mouse. We utilized our fibronectin (FN)-coated tissue culture
scaffolds to obtain protein samples from CX-5461 treated cells as this
allowed for up to 4 days of treatment without significantly affecting cell
viability of the D2.A1 cells (Fig. 5A, B)°. This approach clearly demonstrated
that FGFRI expression is reduced by CX-5461 treatment in this physiologic
growth environment (Fig. 5C). To quantitatively interrogate the functional
importance of reducing FGFRI expression levels, we again utilized our 3D
spheroid assay where growth of D2.A1 3D spheroids can be significantly
enhanced through addition of exogenous FGF2 (Fig, 5D). Concomitant
treatment with either the FGFR kinase inhibitor erdafitinib or CX-5461
completely blocked FGF2-induced spheroid growth (Fig. 5D). Consistent

with our results in Fig. 1, use of the D2.OR dormancy model demonstrated
the ability of erdafitinib to block FGF2-induced spheroid growth, a result
that could also be obtained using CX-5461 (Fig. 5E). However, unlike
erdafitinib, CX-5461 also eliminated residual cell survival as determined by
colony formation after the spheroids were plated back to 2D Cell culture
(Fig. 5F). These results demonstrate that unlike enzymatic inhibitors of
FGFR kinase activity, CX-5461 effectively prevents FGF2-induced cell
growth and reduces the survival of residual BC cells.

In vivo application of CX-5461 reduces FGFR1 expression and
blocks pulmonary tumor formation

We next sought to determine if the in vivo application of CX-5461 could
reduce FGFRI expression and block tumor growth in a metastatic site. We
have previously demonstrated that genetic depletion of FGFRI inhibits
pulmonary tumor formation by the D2.A1 cells’. Therefore, mice were
inoculated with D2.A1 cells via the lateral tail vein to allow for pulmonary
seeding (Fig. 6A). Three days after the cells were injected, mice were treated
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Fig. 2 | Formation of G-quadruplex in the FGFRI proximal promoter. A The
FGFRI (—1300/4-100) proximal promoter with potential G-quadruplex forming
sequences indicated in colored text. The transcriptional start site (TSS) is indicated
by the red arrow. B Sequences of putative G-quadruplex forming sequences and their
melting temperatures. C Circular dichroism (CD) spectra of the G-quadruplex

forming sequences noted in panel B in the presence of 100 mM K*. D CD spectraand
melting curves of S1 and S3 G-quadruplex forming sequences in the presence and
absence of the G-quadruplex stabilizing compound, CX-5461, in the presence of
50 mM K*. E Schematic representation of the G-quadruplex formation in the FGFR1
promoter and stabilization by CX-5461 impedes transcription.
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Fig. 3 | G-quadruplex stabilization inhibits
FGFR1 expression. A, B Immunoblot analyses for
FGFRI and c-Myc expression in the BT549 cells
upon treatment with the G-quadruplex stabilizers,
quarfloxin (A) or CX-5461 (B), for 24 h. C, D RT-
PCR for FGFRI transcript levels in BT549 cells after
treatment with the indicated G-quadruplex stabi-
lizers, quarfloxin (C) and CX-5461 (D), for 24 h.
Data are normalized to FGFR1 levels in the
untreated control cells and are the mean +s.e.m. of
four independent experiments (n = 4) resulting in
the indicated p-values where *p > 0.05 and
**p>0.01. E Immunoblot analyses for FGFRI
expression in the BT549 cells upon treatment with
the G-quadruplex stabilizer, TMPyP4, for 24 h.
Similar treatment with the structural analog
TMPyP2 that does not bind G-quadruplex was used
as a control.
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Fig. 4 | CX-5461 suppresses FGFR1 proximal
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luciferase reporter vector. The G-quadruplex form-
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B Dual-Glo luciferase assay showing different
lengths of FGFRI proximal promoter activity in
HEK293T cells. Data are normalized to the ratio of
firefly luciferase to renilla from pGL4.2 empty vector
and are the mean *s.e.m. (1 = 3). C Dual-Glo luci-
ferase assay showing FGFRI proximal promoter
activity in HEK293T cells in the presence or absence
of 1 uM CX-5461 for 72 hours (n =4). D The
sequential G sequences in S3 of the —119/4-60
luciferase construct were replaced with thymidine
and adenine (G4 mutant) to prevent G-quadruplex
formation. Reporter activity in response to CX-5461
treatment was assessed as above (1 = 3 biologically
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panels B-D, **p < 0.05, ***p < 0.01, ****p < 0.001.
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Fig. 5 | CX-5461 targets FGFRI expression and eliminates residual breast
cancer cells. A Image of D2.A1 cells cultured on fibronectin fibrils that span
unsupported space between the culture scaffold grids is taken 4 days after plating
cells. Scale bar is 50 um. B D2.A1 cells were cultured on FN-coated scaffolds or
standard tissue culture plastic (2D) for 6 days in the presence of the indicated
concentrations of CX-5461 and cell viability was measured (1 = 3). C Immunoblot
analyses for FGFRI following 4 days treatment with the indicated concentrations of
CX-5461. D D2.A1 spheroids expressing firefly luciferase were formed in a round
bottom plate and then transferred to a bed of matrix in the presence or absence of

20 ng/ml FGF2, 100 nM Erdafitinib (Erd), or 100 nM CX-5461 (CX). Scale bars are
1000 um. Following 6 days of culture bioluminescence was measured and treated
values were normalized to non-stimulated (NS) spheriods. Data are the mean +s.e.m.
(n=3). E As in panel D, firefly luciferase expressing D2.OR cells were used in a
spheroid growth assay. Scale bars are 1000 um. F Following 3D culture, D2.OR
spheroids were disassociated and single cells were plated on tissue culture plastic.
Colony formation in 10cm” tissue culture dishes was visualized by crystal violet
staining after 14 days and cells were solubilized and read at an absorbance 600 nm.
For all panels *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

with CX-561 for 21 days (Fig. 6A). Treatment with CX-5461 resulted in a
significant reduction in pulmonary tumor formation as determined by
bioluminescent imaging and enumeration of pulmonary tumor nodules
upon necropsy (Fig. 6B-F). This antitumor-affect was achieved without
causing overt toxicity as animal weights remained similar in both the treated
and untreated groups (Fig. 6D). Consistent with our in vitro data, both
immunohistochemistry (IHC) and immunoblot analyses of dissected pul-
monary nodules demonstrated a marked reduction in FGFRI protein levels
in tumors derived from CX-5461 treated mice (Fig. 6G-I). In addition to
these pharmacodynamic endpoints, we also conducted a survival analysis.
Here, mice were again inoculated with D2.A1 cells via the lateral tail vein
and allowed to seed for 3 days. These tumor bearing animals were treated
either with the FGFR kinase inhibitor, erdafitinib, CX-5461, or both com-
pounds for a period of 10 days and subsequently monitored for survival
(Fig. 7A). This transient treatment with CX-5461 effectively delayed pul-
monary growth as compared to the control and erdafitinib treated groups, as
determined by bioluminescent imaging (Fig. 7B). No additional benefit in
terms of tumor burden or survival was gained by combining erdafitinib with
CX-5461, but the combination did cause animal weight loss suggestive of
increased toxicity (Fig. 7B-D). Taken together, these findings clearly
demonstrate that CX-5461 effectively blocked the growth of an FGFRI-

driven model of breast cancer while growing within the pulmonary
microenvironment.

Discussion
FGFRI1 drives breast cancer disease progression by supporting cell survival,
angiogenesis, migration, and invasion®. Amplification of the FGFRI gene
locus correlates with decreased breast cancer patient survival”*. Hence,
FDA-approved FGFR-targeted kinase inhibitors have been evaluated in
MBC'". However, unlike cancers driven by activating mutations in FGFRs,
FGFRI1-amplified MBC patient response to enzymatic inhibitors is limited.
Consistent with these clinical data, our evaluation of different FGFR kinase
inhibitors in mouse models of MBC indicates that pulmonary tumors can
quickly overcome FGFR kinase inhibition leading to disease progression™.
More broadly, intrinsic and acquired resistance to kinase inhibitors is a
major clinical challenge in cancer’. FGFR seems to be no exception as
mutation of the active site and other epigenetic mechanisms are at play in
driving intrinsic and acquired resistance to FGFR kinase inhibitors™*.
Herein, we utilized an immune-competent model of FGFRI-amplified
MBC to demonstrate that a prolonged benefit from an FDA-approved
FGEFR kinase inhibitor is not achievable and limited by treatment-induced
toxicity. We have previously demonstrated that the FGFR kinase inhibitors
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Fig. 6 | CX-5461 therapy reduces FGFRI expression and inhibits pulmonary
tumor formation. A Schematic representation of pulmonary delivery of D2.A1 cells
followed by treatment with CX-5461 (Created with BioRender.com).

B Representative BLI images immediately after delivery of D2.A1 cells (day 0) and
25 days post tumor inoculation for control animals (vehicle) and those that received
CX-5461. C Bioluminescent values from pulmonary ROI were normalized to the
values at the initial day of injection. Data are the mean * s.e.m. of 5 mice per
treatment group resulting in the indicated p-value (n =5). D Body weights of mice
from vehicle and CX-5461 treated groups (n = 5). E Photos of fixed lungs harvested

D2.A1 pulmonary nodules

Vehicle CX-5461

135

from control (vehicle) and CX-5461 treated animals. Macroscopic pulmonary tumor
nodules are indicated by arrow heads. F Quantification of pulmonary tumor nodules
identified in vehicle and CX-5461 groups. n = 5 mice per group resulting in the
indicated p-value. G Representative pulmonary H&E staining of one lobe, from 2
mice in the control (vehicle) and CX-5461 treated groups. H IHC staining for FGFR1
in pulmonary histological sections from vehicle and CX-5461 treated mice. Scale bar
are 150 um. I Immunoblot analyses of FGFRI protein levels in isolated lung nodules
from vehicle and CX-5461 treated mice (n = 3).

cause weight reduction of mice, data that are consistent with the numerous
toxicities that have been reported in human patients'’. Many of the estab-
lished toxicities associated with FGFR kinase inhibitors are linked to on-
target inhibition of FGFRs 1-4*.

We also demonstrate that FGFR kinase inhibitors fail to target residual
tumor leaving a population of cells capable of reestablishing disease upon
cessation of treatment. While the mechanistic explanations for the short-
comings of FGFR kinase targeting are not definitively defined, FGFR1
nuclear translocation and upregulation of other growth factor receptors can

contribute to resistance'>*’. Hence, an epigenetic therapy that can subvert
these mechanisms of kinase inhibitor resistance would benefit FGFRI-
amplified MBC patients.

Through analysis of the FGFRI proximal promoter, we discovered
G-quadruplex forming elements that could be stabilized by the
G-quadruplex binding small molecule, CX-5461”". Although not detectable
in our systems, previous studies have also identified G-quadruplex forma-
tion in the FGFR2 promoter”. Indeed, application of CX-5461 both in vitro
and in vivo clearly inhibits FGFRI promoter activity and effectively
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Fig. 7 | CX-5461 therapy prolongs survival of A
pulmonary tumor bearing animals. A Schematic

representation of pulmonary delivery of D2.A1 cells

followed by treatment with CX-5461 and/or erda-

fitinib (Created with BioRender.com).
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B Bioluminescent values from pulmonary ROI were
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tion. Data are the mean #s.e.m. of 5 mice per treat- )
ment group where *p < 0.05 (n = 5). C Body weights y
of mice from vehicle, erdafitinib and CX-5461

treated groups (n = 5). D Survival analyses of mice

bearing D2.A1 pulmonary tumors. As above, mice

received the vehicle as a control or were treated with

erdafitinib and/or CX-5461 for the indicated c
amount of time. Kaplan-Meier plot comparing
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groups (n =5 mice per group). Data were analyzed

using a log-rank test, resulting in the indicated p-

values.
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normalizes FGFR1 expression levels. Therefore, we conclude that
G-quadruplex is forming in the FGFRI proximal promoter and stabilization
of these three-dimensional structures limits transcription. Our findings
demonstrate that CX-5461 stabilizes at least two G-quadruplex forming
elements within 1500 base pairs of FGFRI TSS. We termed these elements:
S1and S3. The S1 sequence is specific to the human FGFRI promoter region,
but S3 is conserved in both human and mouse. Hence, G-quadruplex-
regulated expression of this critical growth factor receptor appears to be
conserved across species.

Similar to targeted inhibition of kinase activity, reduction of FGFRI
expression by G-quadruplex stabilization suppressed FGF ligand-induced
spheroid growth, but also reduced dormant cell viability. The complete
mechanism of how CX-5461 eliminates dormant cells remains to be
established. However, previous studies suggest synergy in targeting
c-MYC and PDGFR in combination with FGFR, all factors that are
connected to G-quadruplex and simultaneously repressed upon treatment
with CX-5461"%""****°_ While our data does not indicate a benefit of
combining CX-5461 with erdafitinib, this combination may still be a valid
approach, particularly in the MYC-amplified tumors. Finally, CX-5461
also has inhibitory activity against topoisomerase Il and has been linked to
the inhibition of DNA repair’***¥". The pleotropic ability of CX-5461 to
normalize oncogene expression along with its additional pharmacology
likely contributes to its ability to act as a potent anti-cancer agent.
Importantly, our data, in conjunction with clinical data, demonstrate that
the anti-cancer activity of CX-5461 is accomplished with acceptable sys-
temic toxicity, comparatively less than what was observed upon pan-
inhibition of FGFR kinase activity.

Overall, our studies are consistent with clinical observations demon-
strating intrinsic resistance of MBC to FGFR tyrosine kinase inhibitors. We
identify G-quadruplex forming sequences in the FGFRI promoter region
which can be stabilized via the G-quadruplex ligand, CX-5461, normalizing
FGFRI expression. The use of biochemical and functional assays indicates
that CX-5461 limits FGFR1 signaling and abrogates dormant cell survival.
Our study strongly supports evaluation of CX-5461 or similar G-
quadruplex-targeting agents as therapeutics for MBC patients, particu-
larly those harboring FGFRI amplification.

Methods

Cell lines and reagents

D2-HAN (D2.A1 and D2.0OR), 4T1 derivatives (4T1 and 4T07) were
obtained from Fred Miller (Wayne State University, Detroit, MI) and
cultured in DMEM containing 10% fetal bovine serum (FBS) and 1%
Pen/Strep. Normal murine mammary gland (NMuMG) cells and their
derivatives were cultured in DMEM supplemented with 10% FBS, 1% Pen/
Strep, and 10 ug/ml of insulin. BT549 cells were cultured in RPMI-1460
supplemented with 10% FBS, 1% Pen/Strep, and 10 pg/ml of insulin.
MCF10A cells were cultured in 1:1 DMEM (Corning Mediatech, Inc.) and
F12 (Corning Mediatech, Inc.) supplemented with 29 mM HEPES
(Amresco, LLC), 10 mM sodium bicarbonate (Macron), 5% horse serum
(Sigma), 10 uM/mL insulin, 10 ng/mL epidermal growth factor (EGF)
(Gold Biotechnology), 0.5pg/mL hydrocortisone (Sigma), 100 ng/mL
cholera toxin (Sigma), and 1% antibiotics (100 units/ml penicillin and 100 g/
ml streptomycin; Corning Mediatech) at 37 °C in a humidified atmosphere
in a 5% CO, incubator.

NMuMG and MCF10A cells expressing YFP and Twist were con-
structed through stable transduction using pBabe and pMSCV viral parti-
cles as previously described™*. Bioluminescent D2-HAN derivates, 4T1
derivatives were engineered to stably express luciferase by transfection with
pNifty-CMV-luciferase. All cell lines are regularly tested for mycoplasma
contamination through PCR.

In vivo therapeutic assays

D2.A1 (1 x 10°) and 4T07 (5 x 10°) were delivered into the lateral tail vein of
4 to 6-week-old BALB/c female mice purchased from Jackson Laboratories.
FGEFR kinase inhibitors were administered through oral gavage with the
indicated concentrations once per day. CX-5461 was administered in
50 mM NaH,PO, at 50 mg/kg orally every 3 days. FGFR inhibitors and
G-quadruplex ligand manufacturers and gavage formulations are listed as
supplementary Table 1. Pulmonary tumor formation was monitored via
bioluminescent imaging after intraperitoneal injection of luciferin through
AMI HT (Spectral Instruments). The lungs were fixed overnight by 10%
formaldehyde (Fisher) after sacrificing the mice and then stored in 80%
ethanol. Paraffin sectioning at 5um thickness and H&E staining were
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conducted by AML laboratories, Inc. (Jacksonville, FL). The images of lung
sections were obtained by Cytation 5 cell imaging multi-mode reader with
Genb software (BioTek Instruments, Inc.). All in vivo assays have complied
with all relevant ethical regulations for animal use were conducted under
IACUC approval from Purdue University. No randomization or blinding
was done.

3D spheroid assay

Breast cancer cells (4 x 10%) were plated in 96-well, ultra-low attachment and
round bottom plates (Corning) in full growth media and cultured for a week.
Afterward, the spheroids were transferred with 50 pL residual media to 96-
well flat clear bottom white wall plates with a bed of 50 uL growth factor
reduced basement membrane hydrogel and 150 pL fresh media containing
5% basement membrane hydrogel with FGF2 and/or FGFR inhibitors.
Luminescence of spheroids was detected, and media was replenished every
three days. For analyses of residual cell survival, the D2.OR spheroids were
trypsinized, transferred to 100 mm 2D culture dishes, and colonies were
stained with crystal violet culture after 14 days.

Circular dichroism spectroscopy

CD experiments were run on a Jasco J-1100 spectropolarimeter (JASCO
Inc.) equipped with a temperature-controlled cell holder and stirrer. DNA
(Sigma-Aldrich) was dissolved in 10 mM K" buffer (2.5 mM potassium
phosphate, 7.5 mM KCI, pH 7) to obtain 3-5 uM samples and annealed by
heating to 95°C for 5 minutes, followed by overnight cooling at room
temperature. CD spectra were measured at 25 °C over a spectral range of
230-330 nm with a 10-mm quartz cuvette. The spectral parameters were: a
scanning rate of 50 nm/min, 1.0 nm data pitch, 1.0nm bandwidth, a
response time of 1 s, and 5 accumulations. The spectra were blank corrected
by subtracting a spectrum of the buffer. CD melting experiments were
performed by monitoring the ellipticity at 264 nm over a temperature range
of 20-95 °C. The heating rate was 1 °C/min and data points were recorded
every 0.5°C, while the samples were continuously stirred at 200 rpm.
Melting temperatures, Ty,, were determined by locating the intersection of
the median line between the upper and lower baseline and the melting curve.
CD melting experiments were run in duplicate. Spectra and melting curves
were also obtained in the presence of CX-5461 (AdooQ BioScience) with a
5:1 ligand:DNA ratio.

Immunoblotting

The procedure of immunoblotting was conducted as previously described*.
G-quadruplex stabilizers were used at the indicated concentrations and
times in MBC cell lines. The antibodies used were described in supple-
mentary table 2. Immunoblot results were obtained via chemiluminescence
or fluorescent secondaries and detected with either X-ray film or via the LI-
COR odyssey system.

mRNA transcript analyses

For real-time PCR analysis, metastatic breast cancer cells were treated with
G-quadruplex stabilizers at indicated different time points. Afterward, total
RNA was isolated using the E.Z.N.A HP total RNA kit (Omega). Total RNA
was subsequently transcribed using the Verso cDNA synthesis kit (Thermo
Scientific), and semiquantitative real-time PCR was performed via Maxima
SYBR Green (Thermo Scientific) as described previously. The primers used
in this study were listed in supplementary table 3.

Luciferase reporter assay

The proximal promoter regions of the human FGFRI gene relative to the
transcriptional initiation site were cloned from BT549 genomic DNA by
PCR and inserted into pGL4.2 vector (Promega, Madison, MA). The pri-
mers used for cloning were listed in supplementary table 3. The predicted
G-quadruplex formation sequences were analyzed via web-based server
QGRS Mapper. The vector containing the mutated S3 G4 sequence detailed
in supplementary fig. 4 was constructed by VectorBuilder. The vector ID
VB221205-1315tht can be used to retrieve detailed information about the

vector on vectorbuilder.com. For all reporter assays, HEK293T cells were
transiently transfected overnight with LT1 liposomes (Mirus, Madison,
WT), which contained 2.3 pg/well of firefly luciferase vectors and 0.2 ug/well
of pcDNA3.1 encoding renilla luciferase under the control of the CMV
promoter. Afterward, the cells were treated with CX-5461 for 72h and
subsequently harvested and assayed for firefly and renilla luciferase using
the Dual-glo Assay System (Promega).

Immunohistochemistry

Formalin-fixed and paraffin-embedded tissue sections were deparaffinized
with xylene and rehydrated with decreasing concentration of ethanol.
Antigen retrieval was achieved by boiling in 10 mmol/L sodium citrate
buffer (pH 6.0). These processed sections were incubated with antibodies
specific for FGFR1 overnight at 4 °C. Staining was detected using the anti-
rabbit biotinylated secondary antibodies in combination with ABC (Vector)
and DAB reagents (Vector). The manufacturers of the antibodies were listed
in supplementary table 2. These sections were then counterstained with
hematoxylin (Fisher), dehydrated through ethanol and xylene, and cover-
slipped via a xylene-base mounting medium.

Statistics and reproducibility

A two-tail Student’s ¢ test was used for comparing the difference between
two groups of data in the in vitro assays. Error bars identify the standard
error of the mean. For in vivo experiments, the measurements were com-
pared with a Mann-Whitney non-parametric test. Survival analysis was
performed via GraphPad Prism 9 software, and the distributions of survival
were compared by a log-rank test.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data generated or analyzed during this study are included in this pub-
lished article (and its supplementary data 1 file).
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