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            Abstract
Gene amplification drives oncogenesis in a broad spectrum of cancers. A number of drugs have been developed to inhibit the protein products of amplified driver genes, but their clinical efficacy is often hampered by drug resistance. Here, we introduce a therapeutic strategy for targeting cancer-associated gene amplifications by activating the DNA damage response with triplex-forming oligonucleotides (TFOs), which drive the induction of apoptosis in tumors, whereas cells without amplifications process lower levels of DNA damage. Focusing on cancers driven by HER2 amplification, we find that TFOs targeting HER2 induce copy number-dependent DNA double-strand breaks (DSBs) and activate p53-independent apoptosis in HER2-positive cancer cells and human tumor xenografts via a mechanism that is independent of HER2 cellular function. This strategy has demonstrated in vivo efficacy comparable to that of current precision medicines and provided a feasible alternative to combat drug resistance in HER2-positive breast and ovarian cancer models. These findings offer a general strategy for targeting tumors with amplified genomic loci.
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                    Fig. 1: Targeting gene amplification in cancer via triplex formation.[image: ]


Fig. 2: Triplex-induced DNA damage and apoptosis correlate with gene copy number.[image: ]


Fig. 3: In vivo effect of HER2-205 on human HER2-positive cancer xenografts.[image: ]


Fig. 4: Triplex targeting of non-essential regions of the HER2 gene.[image: ]


Fig. 5: Molecular mechanism of anticancer activity.[image: ]


Fig. 6: Impact of NP delivery on therapeutic efficacy.[image: ]
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Extended data

Extended Data Fig. 1 Experiments Supporting Main Fig. 2.
(a) Representative images of neutral comet assays performed 24â€‰h after HER2-205 treatment in MCF7 and BT474 cells (scale bars, 200Î¼m). (b) Quantification of cells with greater than 5 Î³H2AX and/or 53BP1 foci per nuclei in BT474 cells treated with HER2-205 or MIX24 (mean Â± SD; two-way ANOVA with Tukey test post-hoc; ****Pâ€‰<â€‰0.0001, **Pâ€‰<â€‰0.01; 50 cells per sample, nâ€‰=â€‰2 independent experiments). (c) Triplex formation induces apoptosis in HER2-positive breast cancer cell lines as measured by Western blot analysis of cleaved PARP (nâ€‰=â€‰3 independent experiments). (d) Detection of HER2 copies in interphase nuclei by dual color FISH with HER2 probe (red) and chromosome 17 probe (green), scale bars, 2.5 Î¼m. (e) Immunofluorescence of Î³H2AX in PE01 ovarian cancer cells 24â€‰h post-treatment with HER2-205 or MIX24 (scale bars, 5 Î¼m). (f) Representative immunofluorescence images of Î³H2AX foci in SKOV3 ovarian cancer cells 24â€‰h following treatment with HER2-205 or MIX24 (scale bars, 2.5 Î¼m). (g) Frequency of PE01 and SKOV3 cells positive for Î³H2AX following 24â€‰h treatment (mean Â± SD; two-way ANOVA with Tukey test post-hoc; ***Pâ€‰<â€‰0.001, **Pâ€‰<â€‰0.01; 50 cells per sample, nâ€‰=â€‰2 independent experiments). (h) Quantification of triplex-induced DNA double strand breaks using the neutral comet assay as measured by tail moment (mean Â± SEM; two-way ANOVA with Tukey test post-hoc, ****Pâ€‰<â€‰0.0001; nâ€‰=â€‰150 comets). (i) Monolayer growth assay demonstrates a decrease in cell survival in PE01 and SKOV3 cells treated with HER2-205 72â€‰h after treatment. (j) Western blot analysis of activation of apoptosis as measured by cleaved PARP in ovarian cancer cells following TFO treatment (nâ€‰=â€‰3 independent experiments).
Source data


Extended Data Fig. 2 Experiments Supporting Main Fig. 5.
(a) ChIP analysis of Î³H2AX in BT474 cells detected increased DNA damage at the targeted HER2 gene following HER2-5922 treatment. Data are presented as mean Â± SEM and analyzed by two-way ANOVA with Tukey test post-hoc, ***Pâ€‰<â€‰0.001, nâ€‰=â€‰3 independent experiments. (b) Quantification of phosphorylated ATM by flow cytometry following treatment with HER2-205. Data are presented as mean Â± SEM and analyzed by one-way ANOVA with Tukey test post-hoc, *Pâ€‰<â€‰0.05, nâ€‰=â€‰3 independent experiments. (c) Analysis of HER2 gene expression by RT-PCR 12â€‰h post-treatment with HER2-targeted TFOs (mean Â± SD; two-ANOVA with Tukey test post-hoc; ns, not significant; nâ€‰=â€‰3 independent experiments). (d) Quantification of triplex-induced DNA double strand breaks using the neutral comet assay as measured by tail moment 12â€‰h post TFO treatment (mean Â± SEM; one-ANOVA with Tukey test post-hoc; ****Pâ€‰<â€‰0.0001; nâ€‰=â€‰3 independent experiments). (e) Western blot analysis of activation of apoptosis as measured by cleaved PARP and pH2AX Y142 12â€‰h following TFO treatment (representative immunoblots, nâ€‰=â€‰2 independent experiments). Western blot analysis of the phosphorylation status of HER family receptors (f) HER3, (g) HER4, and (h) EGFR (HER1) in multiple breast cancer cell lines following HER2-205 treatment (representative immunoblots, nâ€‰=â€‰2). (i) Analysis of HER2 gene expression by RT-PCR 12â€‰h post-treatment with HER2-targeted TFOs (mean Â± SEM; one-way ANOVA with Tukey test post-hoc; ns, not significant; nâ€‰=â€‰3 independent experiments). (j) Analysis of HER2 gene expression by RT-PCR 20â€‰h following pretreatment with the transcription inhibitor, Î±-amanitin (mean Â± SD; one-way ANOVA with Tukey test post-hoc; ****Pâ€‰<â€‰0.0001; nâ€‰=â€‰4 experiments).
Source data


Extended Data Fig. 3 Biodistribution of nanoparticle formulations.
Comparison of PLGA and PLA-HPG NPs in vivo. (a) Uptake of DiD-loaded NPs, PLGA/DCM, PLGA/EtOAc and PLA-HPG, 12â€‰h after systemic administration via retro-orbital injection. Tumor cryosections visualize DAPI (blue) and DiD (red) (scale bars, 50 Î¼m; nâ€‰=â€‰2 tumors). (b) Biodistribution of DiD-loaded PLA-HPG NPs 12â€‰h after systemic administration. DiD fluorescence in isolated organs after retro-orbital injection with DiD encapsulated NPs (2â€‰mg). Cryosections visualize DAPI (blue) and DiD (red) (scale bars, 50 Î¼m; nâ€‰=â€‰2 animals).


Extended Data Fig. 4 Experiments Supporting Main Fig. 6.
Biodistribution of TAMRA-HER2-205 encapsulated PLA-HPG nanoparticles (NPs). (a) Representative confocal images of tissue sections 12â€‰hours post intravenous administration via retro-orbital injection of a 2â€‰mg dose of NPs (scale bars, 50 Î¼m). (b) Representative confocal images of TAMRA-HER2-205 biodistribution in tissues 24â€‰hours post treatment (scale bars, 50 Î¼m). (c) TAMRA fluorescence was quantified at both 12 and 24â€‰hours after dosing (2â€‰mg of NPs) and TFO uptake in each tissue is reported as mean fluorescence intensity (MFI) (mean Â± SEM, nâ€‰=â€‰2 mice). Statistical significance was calculated by one-way ANOVA and Kruskal-Wallis test (****Pâ€‰<â€‰0.0001, **Pâ€‰<â€‰0.01). (d) Analysis of TAMRA-HER2-205 biodistribution 12â€‰h post treatment. Fluorescence intensity observed in each tissue is reported as a percentage of the combined total fluorescence intensity detected in spleen, kidney, liver and tumor (tumor data is shown and quantified in Fig. 6a,b). Total area of the pie chart denotes the sum of the absolute fluorescence within the four organs, representing the total TFO uptake by these organs, and each slice gives the relative HER2-205 uptake for each organ. (e) Analysis of TAMRA-HER2-205 biodistribution 24â€‰h post systemic administration. Fluorescence intensity observed in each tissue is reported as a percentage of the combined total fluorescence intensity detected in spleen, kidney, liver and tumor (tumor data is shown and quantified in Fig. 6a,b). Total area of the pie chart denotes the sum of the absolute fluorescence within the four organs, representing the total TFO uptake by these organs, and each slice gives the relative HER2-205 uptake for each organ.


Extended Data Fig. 5 Experiments Supporting Main Fig. 6.
(a) Nanoparticle Characterization. Nanoparticle diameter as measured by dynamic light scattering. Nanoparticle surface charge measured by zeta potential. Nanoparticle loading of TFOs measured by extraction and analysis. All data is plotted as mean Â± SEM, nâ€‰=â€‰3 experiments. (b) Representative images of confocal microscopy of Î³H2AX immunofluorescence in tumors 24â€‰h post-treatment with HER2-205 PLA-HPG NPs and quantification of Î³H2AX foci is reported as mean fluorescence intensity (MFI) (mean Â± SEM; Kolmogorov-Smirnov test; ***Pâ€‰<â€‰0.001, **Pâ€‰<â€‰0.01; nâ€‰=â€‰4 tumors/timepoint; scale bars, 10Î¼m). (c) Representative images of confocal microscopy of cleaved caspase 3 immunofluorescence in tumors 12â€‰h post-treatment with HER2-205 PLA-HPG NPs and quantification of activated caspase 3 is reported as mean fluorescence intensity (mean Â± SEM; Kolmogorov-Smirnov test; ****Pâ€‰<â€‰0.0001; nâ€‰=â€‰4 tumors/timepoint; scale bars, 10Î¼m). (d) HER2 immunofluorescence analysis of BT474 tumor sections from mice 12â€‰h and 24â€‰h after treatment with a single dose of HER2-205 PLA-HPG NPs (2â€‰mg). Data represented as mean Â± SEM and analyzed by one-way ANOVA Kruskal-Wallis test (nâ€‰=â€‰4 tumors/time point; ns, not significant). Scale bar, 10Î¼m. (e) Confocal microscopy images of tumor sections analyzed by immunofluorescence 12â€‰h and 24â€‰h following a single dose of TAMRA-HER2-205 PLA-HPG NPs (scale bars, 10Î¼m).


Extended Data Fig. 6 ESI-MS and HPLC characterization of TFOs.
(a) Analytical ESI-MS spectrum of HER2-205. (b) Analytical reverse-phased HPLC of HER2-205. (c) Analytical ESI-MS spectrum of HER2-5922. (d) Analytical reverse-phased HPLC of HER2-5922.


Extended Data Fig. 7 Flow cytometry profiles.
A single cell homogeneous population was utilized for FCS/SSC gating of the starting cell population. (a) Flow cytometry profiles of BT474 cells stained for Annexin V-FITC/PI to measure apoptotic cells. Cells were harvested 24â€‰h after treatment. Lower right quadrant represents the combined percentage of early and late apoptotic cells. (b) Flow cytometry profiles of BT474 cells stained for pATM. Cells were harvested 24â€‰h after treatment. The box indicates the gate for high levels of pATM and numbers represent percentage of cells with high levels of pATM.
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Source data
Source Data Fig. 1
Unprocessed western blots and/or gels.


Source Data Fig. 4
Unprocessed western blots and/or gels.


Source Data Fig. 5
Unprocessed western blots and/or gels.


Source Data Extended Data Fig. 1
Unprocessed western blots and/or gels.


Source Data Extended Data Fig. 2
Unprocessed western blots and/or gels.
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