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Integrin α6β4 is highly expressed in triple negative breast cancer (TNBC) and drives its most aggressive traits; however, its impact on chemotherapeutic efficacy remains untested. We found that integrin α6β4 signaling promoted sensitivity to cisplatin and carboplatin but not to other chemotherapies tested. Mechanistic investigations revealed that integrin α6β4 stimulated the activation of ATM, p53, and 53BP1, which required the integrin β4 signaling domain. Genetic manipulation of gene expression demonstrated that mutant p53 cooperated with integrin α6β4 for cisplatin sensitivity and was necessary for downstream phosphorylation of 53BP1 and enhanced ATM activation. Additionally, we found that in response to cisplatin-induced DNA double strand break (DSB), integrin α6β4 suppressed the homologous recombination (HR) activity and enhanced non-homologous end joining (NHEJ) repair activity. Finally, we discovered that integrin α6β4 preferentially activated DNA-PK, facilitated DNA-PK-p53 and p53-53BP1 complex formation in response to cisplatin and required DNA-PK to enhance ATM, 53BP1 and p53 activation as well as cisplatin sensitivity. In summary, we discovered a novel function of integrin α6β4 in promoting cisplatin sensitivity in TNBC through DNA damage response pathway.
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Introduction

Cellular context contributes to how tumor cells proliferate, invade, metastasize and respond to therapy. The context of a cell and its microenvironment are read by integrin extracellular matrix receptors, which then integrate these signals for a coordinated response. Epithelial specific integrin α6β4 drives contextual signaling and plays particularly unique roles in tumor progression of various carcinomas, including triple negative breast cancer (TNBC) (1–10).

Integrin α6β4 is a laminin receptor that is more highly expressed in TNBC than in hormone-positive or HER2-amplified breast cancers (11). Furthermore, it is prominently expressed in the basal-like breast cancer subtype (11), which represents about 80% of TNBCs. Integrin α6β4 coordinates and amplifies signals from the microenvironment to drive the most aggressive phenotypes of TNBC by stimulating proliferation, angiogenesis, apoptosis resistance, migration, invasion (10) and metastasis (12, 13). Early investigation on how integrin α6β4 contributes to carcinoma progression linked its signaling to p53, which is notably mutated in 80% of basal/TNBCs (14). In a wildtype p53 background, integrin α6β4 stimulates p53 leading to p21 upregulation, cleavage of Akt and subsequent apoptosis (15–17). In a mutant or null p53 background, however, integrin α6β4 enhances cell survival through stimulation of the PI3K/Akt pathway (15). Our previous work demonstrated that integrin α6β4 signaling epigenetically regulates the expression of pro-invasive genes by stimulating the base excision repair pathway leading to promoter DNA demethylation and can enhance UV-induced nucleotide excision repair (18). These aspects of integrin α6β4 signaling along with other aggressive properties led to the concept that integrin α6β4 would alter therapeutic response (19), but has largely gone unexplored.

Therapies that cause DNA damage remain the standard-of–care for most TNBC patients, although immunotherapy and PARP inhibitors are available for select patients (20). These therapies include ionizing radiation, topoisomerase inhibitors (doxorubicin), alkylating agents (cyclophosphamide), nucleoside analogs (capecitabine/5-fluorouracil (5-FU), gemcitabine) and platinum agents (cisplatin and carboplatin) (21, 22). Chemotherapeutic treatments result in crosstalk between DNA repair pathways that is impacted by cellular context. This phenomenon results in a lack of intuitiveness regarding how to effectively use chemotherapies to target select cancers (23). This concept is exemplified by the requirement of specific chemotherapeutic regimens to treat various types of cancer. As a result, how contextual signaling impacts DNA repair pathway choice and the subsequent patient response to chemotherapies remains an important area of investigation.

In TNBC, homologous recombination (HR) deficiency is a major driver of cisplatin sensitivity, as exemplified by mutations in BRCA1 (24–26). HR and non-homologous end-joining (NHEJ) are the pathways utilized for repairing DNA double strand breaks (DSBs). HR is a high-fidelity repair pathway that requires a DNA template to repair DSBs; accordingly, it is predominantly utilized in S and G2 phases of the cell cycle. NHEJ does not utilize a template and thus can occur in any phase of the cell cycle but is error prone as a result (27). Deciding factors such as 53BP1 define whether HR or NHEJ DNA repair pathways is used for DSB repair. Thus, how these deciding factors are controlled by cellular context can dictate cellular response. In this study, we trace the ability of integrin α6β4 to influence the DNA damage response pathway to promote cisplatin sensitivity in TNBC cells.



Materials and methods


Cell lines and drug treatments

All cells were obtained from American Type Culture Collection. BT549 cells were cultured in RPMI1640 (ThermoFisher Scientific, Waltham, ME) containing 10µg/ml insulin (MilliporeSigma, St. Louis, MO). MDA-MB-231 cells were maintained in low-glucose DMEM (ThermoFisher Scientific). MDA-MB-231 cells with inducible knockdown of p53 (28) were cultured in the absence or presence of doxycycline (10µg/ml; MilliporeSigma) to induce p53 silencing. SUM159 cells were cultured in high-glucose DMEM (ThermoFisher Scientific) with 5% FBS, 5µg/ml insulin and 1µg/ml hydrocortisone. All media were supplemented with 10% FBS (MilliporeSigma) if not otherwise specified, 1% L-glutamine, 1% of penicillin and 1% streptomycin (ThermoFisher Scientific). All cell lines, including all derivative cells (ITGB4 and TP53 CRISPR/Cas9 gene editing and retroviral expression) have been authenticated by Laboratory Corporation of America Holdings (LabCorp) using Short tandem repeats (STRs) profiling and confirmed mycoplasma free.

The wildtype full-length integrin β4 construct was obtained from Dr. Livio Trusolino [University of Torino, Italy (29)]. A truncated integrin β4 fragment lacking the signaling domain (β4-1355T) was amplified by PCR using high fidelity Pfu DNA polymerase and cloned into the EcoRI and SalI (New England BioLabs, Ipswich, MA) sites of pBabe-puro vector (Addgene, Cambridge, MA). The primers for β4-1355T are: forward (EcoR1), 5’ CATTAAGAATTCTATGGCAGGGCCACGCCCCA 3’; and reverse (Sal1), 5’ GTA TATGTCGACGCGTAGAACGTCATCGCTGTACATAAG 3’. For stable construct expression, BT549 cells were transfected with empty vector alone or integrin β4 constructs using lipofectamine 2000 and selected with 2 µg/ml of puromycin (ThermoFisher Scientific). The puromycin resistant cells were selected for integrin β4 expression by fluorescence activated cell sorting using the human integrin β4 antibody (clone 439-9B, BD Biosciences, San Jose, CA).

Lentiviral based stable knockdown of β4 integrin expression in SUM149 cells were perform as described previously (30). Dharmacon SMARTPool siRNAs (ThermoFisher Scientific) were electroporated into cells for transient gene suppression as reported previously (31).

Cisplatin, NU7441, and NU7026 were purchased from Selleckchem (Houston, TX). Doxorubicin, gemcitabine, and 5-FU were from MilliporeSigma. Chemotherapeutic agents at the indicated concentrations were added to cells under normal culture conditions. For inhibitor treatment, cells were pretreated with inhibitors for 1h, then cisplatin was added for additional 24h in the presence of inhibitors, as indicated. Since DMSO can affect cisplatin activity, we dissolved cisplatin in normal saline (32).



CRISPR-Cas9 gene engineering

CRISPR gene engineering utilized pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene) and guiding RNA (gRNA) design to knockout ITGB4 and TP53 as described (33). ITGB4 target #454 gRNAs: 5’-CACCGGACATCTGGCTGCGCCGCA-3’ and 5’-AAACTGCGGCGCAGCCAGATGTCC-3’. ITGB4 #661 gRNAs: 5’ CACCGAAATCCAATAGTGTAGTCGC 3’ and 5’AAACGCGACTACACTATTG GATTTC 3’. TP53 gRNAs: 5’ CACCGTCGACGCTAGGATCTGACTG 3’ and 5’ AAACCAGTCA GATCCTAGCGTCGAC 3’. Targeted gRNAs were subcloned into PX459 vector by BBS1 site. Cells were transfected with the gRNAs and CRISPR constructs with TransIT®-BrCa Transfection Reagent (Mirus, Madison, WI) and selected with puromycin (0.75 μg/ml). Individual clones were validated by immunoblot analysis for integrin β4 and p53. All CRISPR plasmids were sequenced by Eurofins MWG Operon (Louisville, KY).



Subcellular protein fractionation and immunoblot analysis

Subcellular fractionation was performed using the Subcellular Protein Fractionation Kit (ThermoFisher Scientific) according to the manufacture’s instruction. Total cell lysates in lysis buffer with phosphatase inhibitors (20mM Tris-HCl (pH 7.5), 150mM NaCl, 1mM Na2EDTA, 1mM EGTA, 1% Triton X-100, 2.5mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1mM sodium orthovanadate, 1µg/ml leupeptin, 1mM PMSF) were sonicated, and immunoblotted with various antibodies (Cell Signaling Technology). β-actin (MilliporeSigma) was used as a loading control for total lysates, and tubulin (MilliporeSigma) for cytosolic, p84 (GeneTex, Irvine, CA) for nuclear and histone H2B (Cell Signaling Technology, Beverly, MA) for chromatin bound fractions.



MTT assay

Cells (1 X 103) were seeded in each well of 96-well plate the day before treatments as noted. After treatment for 6 days, MTT assays were performed in triplicate or greater as reported previously (34) by adding 20 µl MTT (5 mg/ml) to each well and incubated at 37°C for 3 hrs. To dissolve the formazan precipitate, 100 µl of stop solution containing 90% isopropanol and 10% DMSO was added and plates agitated for 20 mins at room temperature and then OD 570 was read. IC50 was calculated using an online tool “Quest Graph™ IC50 Calculator” ATT Bioquest Inc 2021(https://www.aatbio.com/tools/ic50-calculator) and presented as average from at least three independent experiments.



Clonogenic survival assays

BT549 EV and β4 cells (3 X 103) were seeded into 6-well plate and treated with cisplatin at indicated concentrations for 16 hrs, then cisplatin was rinsed out with PBS. Fresh medium was added, and the cells were allowed to grow for 10 days. Colonies were fixed with methanol for 20 min, stained with 2% crystal violet, and de-stained with water. Colonies with at least 50 cells were counted. Colony survival fractions were calculated as described previously (35). The experiment was performed in triplicate for each treatment condition.



Immunocytochemistry and the proximity ligation assay

BT549 EV and β4 cells (2.5 X 104) were seeded on glass coverslips coated with 5µg/ml Cultrex mouse laminin-1 (Trevigen, Gaithersburg, MD) overnight and then treated with 10µM cisplatin for 24h. For immunocytochemistry, cells were then fixed, permeabilized, and immunostained as described previously (36) using the following antibodies: p-p53 S15 and p-53BP1 S1778 (Cell Signaling Technology), Cy3- and Cy2-conjugated donkey anti-mouse IgG (Jackson ImmunoResearch, West Grove, PA). DAPI was used to stain nuclei. For PLA assays, cells were fixed and permeabilized according to the Duolink® PLA Fluorescence Protocol (MilliporeSigma). Primary antibodies (1:100, Cell Signaling Technology) used were mouse or rabbit anti-p53, mouse anti-DNA-PKcs, and rabbit anti-53BP1. PLA assays were carried out with Duolink® In Situ Detection Reagents Orange (#DUO92007), Duolink® In Situ PLA® Probe Anti-Rabbit PLUS/MINUS (#DUO92002/DUO92005) and Duolink® In Situ PLA® Probe Anti-Mouse PLUS/MINUS (#DUO92001/DUO92004) from MilliporeSigma. Cells were imaged using a Nikon Eclipse Ti2 Confocal microscope and Nikon NIS Elements software version 3.2.



DNA repair reporter assays

BT549 cells (EV and β4, 6 X 106) were electroporated (350V, 500µF capacity) with 4µg pDRGFP (HR reporter, Addgene) or 4µg pimEJ5GFP (NHEJ reporter) plus 1.6µg of pmCherry (transfection control) in the presence or absence of 4µg pCBASce-I plasmid (Addgene), which expresses I-SceI endonuclease that creates DSB. Upon repair of the reporter, cells express GFP. After treatment with 5µM cisplatin for 48h, cells (1x104 for each transfection) were analyzed by flow cytometry. The percentage of GFP-positive cells in pmCherry-positive population was used as the indication of DNA repair efficiency for HR or NHEJ.



Cell cycle analysis by propidium iodide staining

BT549 cells (EV, β4) were plated on laminin-1 coated plates and treated with 10µM cisplatin for 24h. Cells were then trypsinized, rinsed with cold PBS, fixed with cold 70% ethanol, rinsed and then resuspended in PBS staining buffer containing 20µg/ml propidium iodide I, 0.1% Triton X-100, and 200µg/ml RNase A (MilliporeSigma) and incubated at room temperature for 30 min before analyzed the cell cycle distribution by flow cytometry.



Statistical analysis

Data were compared and analyzed using a two-tailed or one-tailed unpaired Student’s t-test. All experiments were performed at least three times and the representative data were shown and presented as mean ± SD, unless stated otherwise. P values <0.05 between groups were considered significantly different.




Results


Integrin α6β4 sensitizes TNBC cells to cisplatin treatment

To test how integrin α6β4 signaling influences the response of TNBC cells to chemotherapy, we chose three representative TNBC cell lines with known integrin β4 subunit expression (37–39) and different p53 mutations (40). First, we selected BT549 cells which naturally do not express integrin β4 where we created cells that stably expressed an empty vector (BT549 EV) or the β4 subunit (BT549 β4; Figure 1A), which pairs with the endogenous α6 subunit to create the α6β4 integrin (39). We treated the BT549 EV and BT549 β4 cells with various doses of chemotherapeutic agents including cisplatin (Figures 1B, C), carboplatin, doxorubicin, gemcitabine, and 5-FU (Supplemental Figure 1) for 6 days and then performed MTT assays to assess cell viability. We found there was a three-fold greater sensitivity to cisplatin in cells expressing the integrin β4 (Figures 1B, C; 1.1μM IC50 for EV vs 0.4μM for β4). This difference was mirrored in the cells’ response to carboplatin (Supplemental Figure 1A), which is reflective of their common mechanism of action (41). A clonogenic survival assay was performed that further confirmed the effect of cisplatin on cell viability (Figure 1D). A similar change in IC50 of cisplatin was noted with the shRNA-mediated knockdown of integrin β4 in the SUM159 cells, depending on the efficiency of the shRNA-mediated knockdown (Figures 1E, F). Notably, PARP-1 cleavage (cPARP-1) was more prominent in control SUM159 cells that express integrin α6β4 compared to β4 knockdown cells upon cisplatin treatment (Figure 1D). However, expression of integrin β4 in BT549 cells had no impact on the response to doxorubicin, gemcitabine, or 5-FU (Supplemental. Figures 1B-D). Therefore, we focused the remainder of our study on how integrin α6β4 impacts response to cisplatin in TNBC cells.




Figure 1 | Integrin α6β4 signaling sensitizes cells to cisplatin treatment. BT549 cells expressing EV or wildtype integrin β4 (A) were treated with varying doses of cisplatin for 6 days. Cell viability was assessed by MTT assays (B) and IC50 was calculated (C) or relative clonogenic survival determined (D). (E, F) SUM159 cells with integrin β4 shRNA knockdown (shβ4) or control shRNA (shCont) (E) were treated with different doses of cisplatin and IC50 calculated from cell viability assays (F). (G, H) Mutant p53 was knocked down in a doxycycline-inducible manner in MDA-MB-231 cells and/or integrin β4 was knocked down by siRNA. Cells were then plated on laminin-1-coated plates, treated with various doses of cisplatin for 6 days. Efficiency of target knockdown was monitored by immunoblotting (G) and  cell viability was assessed by MTT (H). *p < 0.05, **p < 0.001, ***p < 0.0001.



Integrin α6β4 is known to signal through p53 in TNBCs where p53 mutation rates are high. To test whether integrin α6β4 cooperated with mutant p53 to alter cisplatin sensitivity, we obtained MDA-MB-231 cells, which have relatively high levels of integrin β4 (42), with doxycycline-inducible knockdown of mutant p53 (28). We induced suppression of p53 in these cells with doxycycline, and/or knocked down integrin β4 expression by siRNA or left cells untreated during cisplatin treatment and then MTT assays were performed. These data revealed that, compared to the knockdown of integrin α6β4 or p53 alone, the effect of knockdown of both mutant p53 and integrin β4 (Figure 1H) on cell viability in response to cisplatin is additive (Figure 1G; p = 0.03) and highly significant (p < 0.0001 vs control at 1μM and 2.5μM).



Integrin α6β4 signaling promotes ATM-p53-53BP1 activation and the association of p53 and 53BP1 with chromatin in response to cisplatin treatment

To determine the impact of integrin α6β4 on cisplatin-mediated DNA damage response (DDR) signaling, we performed cisplatin dose-response and time-course analyses on BT549 EV and β4 cells and investigated the phosphorylation of ATM (S1981), ATR (S1989), p53 (S15), 53BP1 (S1778) and DNA damage marker γH2AX as well as PARP-1 cleavage. The results demonstrated that integrin α6β4 signaling enhanced the amplitude and speed (Supplemental Figure 2) of ATM, p53, 53BP1, and H2AX phosphorylation (γH2AX), but not ATR autophosphorylation, in response to cisplatin treatment. In line with its impact on cisplatin sensitivity, integrin α6β4 also enhanced PARP1 cleavage. To test whether the integrin β4 signaling domain was required for the ATM-p53-53BP1 pathway induced by cisplatin, we generated BT549 cells that stably expressed integrin β4 truncation mutation (β4-1355T) in which the signaling domain was deleted (43). Compared to cells expressing wildtype full-length integrin β4, BT549 β4-1355T cells displayed reduced ATM, p53 and 53BP1 phosphorylation that were either similar to or only slightly higher than the BT549 EV cells (Figures 2A, B). We also noted that the basal levels of ATM, p53 and 53BP1 phosphorylation are higher in BT549 β4 cells. In contrast, knockout of ITGB4, the gene encoding the β4 subunit, in MDA-MB-231 cells by CRISPR-Cas9 editing resulted in the suppression of p53 and 53BP1 phosphorylation at various doses of cisplatin, thus confirming the role of integrin α6β4 in their activation (Figures 2C, D). These observations suggest that integrin α6β4 signaling, specifically through the signaling domain of β4, can enhance the activation of the key proteins in DDR pathway that have the potential to affect how cells respond to cisplatin.




Figure 2 | Integrin α6β4 promotes activation of ATM-p53-53BP1 in response to cisplatin that results in enhanced DNA damage. (A) BT549 cells (EV, β4, and β4-1355T) were plated on laminin-1 and treated with 10μM cisplatin for 24h prior to assessing for phosphorylation of indicated DDR proteins, as noted. Fold differences in pATM S1981, p53BP1 S1778 and p-p53 S15 were quantified from three separate experiments and reported relative to BT549 EV control (B). (C) MDA-MB-231 control or β4 KO (clone 454-1) cells were treated with indicated dose of cisplatin for 24h as in (A) and immunoblotted for the indicated phospho-proteins and total proteins. Fold changes in noted phosphorylation sites are reported after normalization to total protein and reported relative to MDA-MB-231 control treatment in (D). *p < 0.05, **p < 0.005.



Next, we sought to define whether the activated p53 and 53BP1 were soluble in the nucleoplasm or associated with chromatin by performing subcellular protein fractionation and immunoblotting for phosphorylated and total p53 and 53BP1. We determined that the associations of p53 S15, 53BP1 S1778 and γH2AX with chromatin were enhanced with integrin β4 expression in response to cisplatin treatment (Figures 3A, B). Furthermore, soluble nuclear γH2AX was dramatically increased in BT549 β4 cells upon cisplatin treatment. Interestingly, total p53 levels associated with the chromatin were amplified with integrin α6β4 regardless of the treatment condition. This enhanced chromosomal activation of p53, and that of 53BP1, were also visualized by immunocytochemistry (Figure 3C).




Figure 3 | Integrin α6β4 promotes recruitment of p53 and 53BP1 to chromatin. (A) BT549 cells (EV and β4) were plated on laminin-1 and treated with 10μM cisplatin for 24h. Subcellular protein fractions were immunoblotted with DDR proteins as indicated. Tubulin was used as the marker for total protein, p84 was used to mark nuclear fractions, and Histone H2B used to mark chromatin fractions. (B) Fold changes in noted phosphorylation in chromatin bound from (A) are reported after normalization to Histone H2B and reported relative to BT549-EV control treatment. (C) Cells treated as in (A) were immunostained for phospho-p53 S15 and phospho-53BP1 S1778, as indicated, using DAPI as a counterstain (scale bars, 20µm). *p < 0.05, **p < 0.005.



Sensitivity to cisplatin and enhanced PARP1 cleavage as a result of integrin α6β4 seemed unexpected based on its role in promoting cell survival and signaling through the Erk and Akt pathways (15, 44), which can contribute to cisplatin resistance (45, 46). Therefore, we investigated the impact of integrin α6β4 signaling on these two survival pathways in conjunction with cisplatin treatment. We found that while the basal activity of Erk was higher in integrin β4 cells compared to EV cells, Erk activation was suppressed upon cisplatin treatment in the BT549 β4 cells but was enhanced in the EV cells. In contrast, the basal phosphorylation of Akt was lower in the BT549 β4 cells and the activation of Akt in response to cisplatin treatment in BT549 EV cells was marginal at low levels of cisplatin but remained unaltered in the BT549 β4 cells (Supplemental Figure 3). These data indicate that integrin α6β4 signaling to survival pathways is attenuated during cisplatin treatment.



Mutant p53 facilitates integrin α6β4-mediated ATM/53BP1 activation and sensitization to cisplatin

Most TNBCs (14) have mutant p53 with gain-of-function properties (47), including BT549 and MDA-MB-231 cell lines. To test the requirement for mutant p53 in cisplatin-induced DDR, we knocked down p53 by siRNA in BT549 EV and integrin β4 cells, treated these cells with cisplatin and then assessed DNA repair pathways. We show that knockdown of p53 blocked activation of ATM in response to cisplatin and/or integrin α6β4 signaling as well as the downstream 53BP1 phosphorylation (Figures 4A, B). We also noted that compared to the non-targeting control (NT), knockdown of p53 in BT549-β4 cells had less PARP-1 cleavage with cisplatin treatment, while knockdown of p53 in BT549-EV cells did not affect the PARP-1 cleavage in response to cisplatin (Figures 4A, B). The impact of mutant p53 downstream of integrin α6β4 was confirmed with CRISPR-Cas9 knockout of p53 in the BT549-β4 cells where p53 KO blocked the enhanced γH2AX and PARP-1 cleavage mediated by integrin α6β4 (Figures 4C, D). Collectively, these results demonstrate that mutant p53 is needed for the amplification of ATM activity and 53BP1 phosphorylation downstream of integrin α6β4 signaling in response to cisplatin and is an integral component of integrin α6β4-enhanced cisplatin sensitivity.




Figure 4 | Mutant p53 is required for cisplatin-induced ATM and 53BP1 activations and integrin α6β4-mediated sensitivity to cisplatin. P53 was knocked down by siRNA in BT549 EV and BT549 β4 cells (A, B) or knocked out by CRISPR/Cas9 in BT549 β4 cells (C, D), then cells were plated on laminin-1-coated plates and treated with 10µM cisplatin for 24h prior to harvesting for immunoblotting analysis (A, C). Fold differences were quantified from three separate experiments, normalized to respective total protein (for p-ATM S1981 and p-53BP1 S1778) or actin for cleavage PARP-1 (cPARP-1) and γH2AX and reported relative to their respective untreated controls indicated (B, D). *p < 0.05, **p < 0.005, ***p < 0.001.





Integrin α6β4 signaling stimulates NHEJ and suppresses HR in response to cisplatin

53BP1 is important for the DNA repair choice between HR and NHEJ that influences cisplatin response (48). To test if integrin α6β4 signaling could alter DNA repair pathway choice, we utilized commonly used HR and NHEJ reporter systems that use the endonuclease Sce-1 to cause DSBs that, upon repair, create a functional GFP molecule. Here, BT549 EV and integrin β4 cells were co-transfected with pDRGFP (HR reporter (49) or pimEJ5GFP (NHEJ reporter (50)) in the presence or absence of pCBASce-I and with pmCherry as an internal transfection control. Transfected cells were then treated with or without 5μM cisplatin for 48h and analyzed for GFP and mCherry by flow cytometry. As shown in Figures 5A, B, BT549 EV cells had a higher basal HR activity than the integrin β4 cells. Conversely, the integrin β4 cells displayed higher basal level of NHEJ activity than the EV cells. Cisplatin treatment dramatically activated HR activity in BT549 EV cells but suppressed HR in integrin β4 expressing cells. In contrast, NHEJ activity in BT549 β4 cells was dramatically activated upon cisplatin treatment compared to the EV cells.




Figure 5 | Integrin α6β4 signaling enhances NHEJ and suppresses HR. BT549 cells (EV, β4) were electroporated with pDRGFP (HR reporter; A) or pimEJ5GFP (NHEJ reporter; B) in the presence or absence of pCBASce-I plasmid, which expresses I-SceI endonuclease that causes DSB, plus pmCherry as a transfection control. After cells were plated on laminin-1-coated plates and treated with 5µM cisplatin for 48h, cells were analyzed GFP positive cells by flow cytometry using cotransfected pmCherry as a transfection control to determine relative repair efficiency (A, B). (C, D) BT549 cells (EV, β4) plated on laminin-1 coated plates were treated with 10µM cisplatin for 24h and assessed for cell cycle distribution using propidium iodide staining and flow cytometry analysis. Representative (C) and averaged (D) cell cycle distributions are shown. Data are representative of 3 experiments. *p < 0.05, **p < 0.001, ***p < 0.0001.



NHEJ is known to function as the primary DSB repair mechanism in G1, while both NHEJ and HR occur in S and G2 phases (27). To test whether integrin α6β4 signaling shifts DNA repair pathway from HR to NHEJ by impacting cell cycle distribution during cisplatin treatment (specifically G1 arrest), we investigated the cell cycle distribution of cells under these conditions. In untreated cells, we found that the cell cycle distribution was similar between the EV and β4 expressing cells, except BT549 β4 cells had slightly more cells in S and G2/M phases. When cells were treated with cisplatin, both cell populations showed a 2.5-fold increase in S phase and a concomitant drop in G1 distribution, which was more pronounced in the BT549 β4 cells. In contrast, BT549 EV cells lost approximately 40% of their G2 distribution, while the β4 cells doubled their G2 distribution (Figures 5C, D). These data indicate that cisplatin treatment causes an accumulation of cells in S-phase of the cell cycle and a loss of cells in G1 that is indicative of replication stress instead of a G1 arrest.



DNA-PK is preferentially activated downstream of integrin α6β4 and required for enhanced 53BP1 phosphorylation

p53 and 53BP1 (51) are targets of DNA-PK, a DNA damage sensing kinase involved in NHEJ DSB repair. Accordingly, we assessed how cisplatin and integrin α6β4 signaling impact DNA-PK activation and the influence of DNA-PK inhibition on downstream DDR signaling. As shown in Figure 6 and Supplemental Figure 4, cisplatin treatment resulted in DNA-PKcs phosphorylation at S2056 and T2609, which are indicative of an activated kinase, that was substantially greater in BT549 β4 cells than in EV cells. To determine how DNA-PK activity affects cisplatin-induced DNA repair pathways, we pretreated BT549 EV and integrin β4 cells with DNA-PK inhibitors NU7441 (Figures 6A, B) or NU7026 (Supplemental Figure 4) at various concentrations prior to cisplatin treatment. We found that phosphorylation of 53BP1 in response to cisplatin treatment was particularly sensitive to DNA-PK inhibition, suggesting that DNA-PK controls 53BP1 phosphorylation. We found that knockdown of DNA-PKcs by siRNA substantially decreased the activation of ATM, 53BP1 and p53 in response to cisplatin (Figures 6C, D), consistent with the results from DNA-PK inhibitors. To investigate whether DNA-PK forms complex with 53BP1 and p53 in response to cisplatin and how integrin α6β4 influences these associations, we performed PLAs for DNA-PKcs-p53, p53-53BP1, and DNA-PKcs-53BP1 complexes with and without cisplatin treatment. We found that DNA-PKcs-p53 complexes and p53-53BP1 complexes formed preferentially in the integrin β4 expressing cells after cisplatin treatment; however, DNA-PKcs did not appear to complex directly with 53BP1 (Figure 6E). These data, coupled with our observation that mutant p53 was required for 53BP1 activation (Figure 4), suggest that integrin α6β4 signaling to DNA-PK controls 53BP1 phosphorylation in response to cisplatin by activating and recruiting p53 to link DNA-PK to 53BP1.




Figure 6 | DNA-PK is activated and required for phosphorylation of ATM, 53BP1 and p53 downstream of integrin α6β4. BT549 cells (EV and β4) were plated on laminin-1-coated plates, pretreated with DNA-PK inhibitors NU7441 (A) at indicated concentrations for 1 hr, or electroporated with 200nM non-targeting siRNA or siRNA targeting DNA-PKcs for 72h (C) before treatment with 10µM cisplatin for 24h. Cell lysates were then immunoblotted for signaling proteins in DNA repair pathway as noted and quantified as fold change compared to total protein controls (B, D). *p < 0.05, **p < 0.005. (E) BT549 cells (EV and β4) plated on laminin-1-coated coverslips were treated with 10µM cisplatin for 24h and then the associations of DNA-PKcs, p53, and 53BP1 were assessed by PLA, as noted. Scale bars, 10µm.



In order to investigate the impact of DNA-PK activation on integrin α6β4 signaling-mediated cisplatin sensitivity, we first performed the dose-dependent studies on cell viability using two DNA-PK inhibitors NU7441 and NU7026 (Supplemental Figure 5) with different potency. We selected the concentrations (NU7441, 0.1µM; or NU7026, 1µM) that resulted in only a modest reduction in cell viability over a 6-day period (Supplemental Figure 5) for use in combination treatments with cisplatin. At these concentrations, we noted that both DNA-PK inhibitors reduced DNA-PKcs phosphorylation in BT549-β4 cells; however, the response in BT549-EV cells was modest and variable (Figure 7A and Supplemental Figure 6). We treated BT549 EV and β4 cells with vehicle (control), 1µM cisplatin only, cisplatin plus DNA-PK inhibitor, or DNA-PK inhibitor alone for 6 days and cell viability was assessed. As quantified in Figures 7B, C, compared to cisplatin treatment alone, adding DNA-PK inhibitor increased cell viability, although the effect in EV cells was either modest (NU7441) or not significant (NU7026). In contrast, in BT549 β4 cells treated with cisplatin, DNA-PK inhibition erased the sensitivity afforded by integrin α6β4 signaling. Notably, the cisplatin response for the EV cells with and without DNA-PK inhibitor and the β4 cells with inhibitor displayed similar viability (Figures 7B, C). Notably, the same experiment performed with MDA-MB-231 cells and two β4 KO clones yielded comparable results (Figure 7D). These data suggest that the ability of integrin α6β4 to enhance DNA-PK activation in response to cisplatin is responsible for the cisplatin sensitivity observed in these cells.




Figure 7 | DNA-PK is critical for integrin α6β4 signaling-mediated cisplatin sensitivity. (A-C) BT549 cells (EV and β4) were treated with vehicle (Control), 1µM cisplatin and/or DNA-PK inhibitor (0.1 µM NU7441 or 1µM NU7026, as noted) for 6 days. The phosphorylation of DNA-PKcs S2056 was assessed by immunoblotting, quantified, and reported as relative changes to BT549-EV control (A). (D) MDA-MB-231 cells and the integrin β4 knock out cells with one of two distinct gRNAs (clones 454-1 and 661-5) were treated with vehicle (Control), 1µM cisplatin and/or 1µM NU7026 as noted for 6 days. Cell viability was assessed by MTT assays for the effect of NU7441 (B) and NU7026 (C, D) for indicated cells. Data are representative of at least 3 separate experiments. *p < 0.05, **p < 0.005. ***p < 0.0005. NS, Not Significant.






Discussion

Despite the observation that select chemotherapies cause similar types of DNA damage, individual cancers from various organ sites do not respond to these chemotherapies in the same way. This observation suggests that the DNA damage response extends beyond the assembly of repair machinery in the nucleus and is impacted by how a cell responds on the cellular level (23). The tumor microenvironment is known to impact DNA repair through factors such as extracellular matrix (52), chronic hypoxia, inflammation and immune regulation (53). These factors influence genomic stability, apoptosis, and DNA repair pathway choices that affect therapeutic efficacy. Integrins as receptors for the extracellular matrix allow cells to sense their environment, yet little is known regarding how they impact the DNA repair process.

The concept that integrins can affect the functions within the nucleus has been long established. Mechanistically, integrins and their connections to the nucleus have been shown to alter nuclear morphology resulting from mechanotransduction (54, 55) and are required for processes such as cyclin D accumulation required to pass the cell cycle checkpoints so cells can enter into mitosis (56, 57). We (30, 58) and others (59, 60) have also shown that integrins, and integrin α6β4 specifically, can impact transcription factors and epigenetics to influence the transcriptome. Our work has shown that integrin α6β4 can influence DNA methylation mediated through base excision repair (58). While integrin α6β4 can bind multiple cytoskeletons that associate with various Nesprins that link the nucleus mechanically, the linkages used by integrin α6β4 specifically can connect to the nucleus are not yet mapped. Our study provides therapeutically important readouts that will facilitate the dissection of these structures important for this signaling required for future studies.

Our study implicates integrin α6β4 in the DNA damage response. Specifically, we provide evidence that integrin α6β4 signaling can integrate cisplatin-induced DNA damage response pathway involving activation of the DNA-PK - mutant p53-53BP1 pathways and alteration of the DSB pathway choice. We also demonstrated that both mutant p53 and DNA-PK activation are critical for integrin α6β4 signaling to promote cisplatin sensitivity in TNBC cells. A recent study in colorectal cancer demonstrated that integrin α6β4 stimulates p53 phosphorylation in response to cisplatin and that integrin β4 knockdown caused resistance to platinum treatment in cells in which wildtype p53 is stabilized (61). This finding is in line with previous work suggesting integrin α6β4 signaling through wild-type p53 promotes apoptosis (16). In TNBCs, however, mutant p53 and integrin α6β4 signaling in cisplatin response may function preferentially in the DNA damage response.

Traditional thought recognizes that p53 promotes DNA repair by promoting cell cycle arrest, thus giving cells time to recover, or promoting apoptosis if repair cannot be achieved. These properties of wildtype p53 depend on p53’s transcriptional activities, which are predominantly lost with most p53 mutations. However, p53 also participates in DNA repair, including NHEJ and HR, that can be independent of DNA binding and transcriptional activity (62). Interestingly, p53 can restrict HR during S phase replication stress (63) through DNA-PK-mediated phosphorylation and subsequent disruptions of p53 and its interactions with RPA (64). These observations suggest that p53 can influence the crosstalk between the HR and NHEJ pathways even when p53 is mutated. In fact, it was found that the interaction of the p53 mutants with MRE11 in the MRN complex prevent the association of the MRN complex to the DSB, resulting in replication stress and impaired DNA-damage response (65, 66). We have found that mutant p53 is highly active in the nucleus in response to cisplatin in integrin α6β4 expressing TNBC cells; however, the levels of total p53 associated with chromatin were amplified with integrin α6β4 regardless of the treatment condition (Figure 3). Cisplatin causes replication stress due to interstrand DNA crosslinking (67). Our data strongly support that the mutant p53 and DNA-PK are critical to integrin α6β4 signaling-mediated cisplatin sensitivity in TNBC cells. We also demonstrated that integrin α6β4 signaling results in accumulation of cells in S phase with cisplatin treatment (Figure 6) that is indicative of replication stress, thus suggesting how integrin α6β4 signaling through DNA-PK and p53 might be able to suppress HR and increase sensitivity to cisplatin. However, it is unclear whether integrin α6β4 signaling through mutant p53 directly signals to enhance the activation of ATM and DNA-PK, causes enhanced damage due to disruption of cell cycle checkpoints or a combination of these two mechanisms.

A study by Heijink et al. used systems-level methodology that combined quantitative time-resolved signaling data, phenotypic responses, and mathematical modeling to determine key mediators of cisplatin sensitivity. They found that defects in DNA damage response were not required for cisplatin sensitivity but rather signaling dynamics and inactivation of cell cycle checkpoint regulation were the determinants of cisplatin sensitivity (68). Our data are in line with the observation that cells do not need to be defective in DDR to provide cisplatin sensitivity. It is also possible that a shift from HR to NHEJ, and loss of cell cycle checkpoints cooperate and ultimately lead to the accumulation of DNA damage that Telli et al. (69) suggested is prognostic for cisplatin sensitivity. Whether integrin α6β4 signaling alters only these cisplatin-induced signaling dynamics that amplify DNA-PK activity or also contributes to cell cycle checkpoint deficiency will require further investigation.

HR-mediated DNA repair deficiency, typified by BRCA1 mutations, has the strongest association with efficacy of platinum-based therapies in TNBC and is a major determinant of which patients receive platinum regimens (70, 71). Despite its ability to shuttle DSB repair from HR to NHEJ, DNA-PK is not conceptually associated with HR-deficiency. Our data demonstrate that integrin α6β4 signaling through DNA-PK promotes 53BP1 phosphorylation and contributes to cisplatin sensitivity. Notably, we find that inhibition of DNA-PK with two different chemical inhibitors reverses the sensitivity attributed to integrin α6β4, thus suggesting DNA-PK is a mediator of cisplatin sensitivity downstream of integrin α6β4 in TNBC cells. 53BP1 is a major down-stream mediator of p53 and DNA-PK that has been implicated in the decision between HR and NHEJ that can alter sensitivity to cisplatin (48, 72, 73). Notably, loss of 53BP1 has been attributed to cisplatin resistance in BRCA1 mutant cells (74). While it has been unclear how mutant p53 impacts 53BP1 function (72), our data suggest that mutant p53 downstream of integrin α6β4 signaling brings 53BP1 in close proximity with DNA-PK to allow it to be phosphorylated on multiple sites to potentiate its function in stimulating NHEJ. Mutant p53, which is found in 80% of TNBCs (14), has been documented to promote either sensitivity or resistance to cisplatin depending on biological context (47, 75, 76), including direct blockade of the HR pathway (66). Our data indicate that integrin α6β4 may provide that context and promote cisplatin sensitivity by forcing DSB repair to the NHEJ pathway through the mutant p53-53BP1 interactions. However, it is important to note that platinum can cause interstrand crosslinks that can result in DSBs as well as intrastrand crosslinks that create platinum adducts that are repaired by the NER pathway through ATR. While we find that ATR autophosphorylation upon cisplatin treatment is not significantly elevated in response to integrin α6β4 signaling, we cannot conclude conclusively that ATR does not play a role in the platinum response downstream of integrin α6β4 and may require further investigation.

In summary, we trace the ability of integrin α6β4 to affect cisplatin sensitivity to its signaling through mutant p53, amplifying ATM and DNA-PK activity, increasing 53BP1 phosphorylation, and preferentially activating NHEJ over HR in DSB repair (Figure 8). This signaling through DNA-PK and activation of the NHEJ pathway appears to lead to suppression of HR that characterizes TNBC and their response to select chemotherapies. Together, this study places the integrin α6β4 signaling cascade as an important regulator of cisplatin sensitivity in TNBC. Future studies to decipher how integrin α6β4 signals to mutant p53, impacts the DNA-PK-p53-53BP1 pathway, and influences DSB repair pathway choice will be vital for understanding the biology of TNBC response to cisplatin.




Figure 8 | Proposed signaling downstream of integrin α6β4 that promotes sensitivity to platinum agents.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

This work was supported by the National Institutes of Health through National Cancer Institute (R01 CA223164-01 to KO’C, R21CA178753 to KO’C, and R01CA131075 to JD’O); the University of Kentucky Center for Cancer and Metabolism (P20GM121327) for providing imaging services and pilot funding (no number, to MC); by a Markey Women Strong Award through the Markey Cancer Foundation (no number, KO’C); and by the University of Kentucky Markey Cancer Center’s Support Grant (P30CA177558) to provide pilot funding (no number, to MC) and to enable services from the Markey Cancer Center Biospecimen Procurement and Translational Pathology, Biostatistics and Bioinformatics, and Flow Cytometry and Immune Monitoring Shared Resource Facilities.



Acknowledgments

We gratefully acknowledge Drs. Eva Goellner, Tadahide Izumi, and David Orren for thoughtful discussions. We thank Drs. Jill Bargonetti and Livio Trusolino for reagents.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.1043538/full#supplementary-material



References

1. Mainiero, F, Pepe, A, Yeon, M, Ren, Y, and Giancotti, FG. The intracellular functions of α6β4 integrin are regulated by EGF. J Cell Biol (1996) 134:241–53. doi: 10.1083/jcb.134.1.241

2. Shaw, LM, Chao, C, Wewer, UM, and Mercurio, AM. Function of the integrin a6b1 in metastatic breast carcinoma cells assessed by expression of a dominant-negative receptor. Cancer Res (1996) 56:959–63.

3. O'Connor, KL, Nguyen, B-K, and Mercurio, AM. RhoA function in lamellae formation and migration is regulated by the α6β4 integrin and cAMP. J Cell Biol (2000) 148(2):253–8. doi: 10.1083/jcb.148.2.253

4. Russell, AJ, Fincher, EF, Millman, L, Smith, R, Vela, V, Waterman, EA, et al. α6β4 integrin regulates keratinocyte chemotaxis through differential GTPase activation and antagonism of α3β1. J Cell Sci (2003) 116:3543–56. doi: 10.1242/jcs.00663

5. Santoro, MM, Gaudino, G, and Marchisio, PC. The MSP receptor regulates alpha6beta4 and alpha3beta1 integrins via 14-3-3 proteins in keratinocyte migration. Dev Cell (2003) 5(2):257–71. doi: 10.1016/S1534-5807(03)00201-6

6. Lipscomb, EA, and Mercurio, AM. Mobilization and activation of a signaling competent α6β4 integrin underlies its contribution to carcinoma progression. Cancer Metastas Rev (2005) 24(3):413–23. doi: 10.1007/s10555-005-5133-4

7. Chen, M, and O'Connor, KL. Integrin α6β4 promotes expression of autotaxin/ENPP2 autocrine motility factor in breast ductal carcinoma cells. Oncogene (2005) 24:5125–30. doi: 10.1038/sj.onc.1208729

8. Bon, G, Folgiero, V, Bossi, G, Felicioni, L, Marchetti, A, Sacchi, A, et al. Loss of beta4 integrin subunit reduces the tumorigenicity of MCF7 mammary cells and causes apoptosis upon hormone deprivation. Clin Cancer Res (2006) 12(11):3280–7. doi: 10.1158/1078-0432.CCR-05-2223

9. Raymond, K, Kreft, M, Song, JY, Janssen, H, and Sonnenberg, A. Dual role of α6β4 integrin in epidermal tumor growth: Tumor-suppressive versus tumor-promoting function. Mol Biol Cell (2007) 18(11):4210–21. doi: 10.1091/mbc.e06-08-0720

10. Stewart, RL, and O'Connor, KL. Clinical significance of the integrin α6β4 in human malignancies. Lab Invest (2015) 95(9):976–86. doi: 10.1038/labinvest.2015.82

11. Lu, S, Simin, K, Khan, A, and Mercurio, AM. Analysis of integrin β4 expression in human breast cancer: Association with basal-like tumors and prognostic significance. Clin Cancer Res (2008) 14(4):1050–8. doi: 10.1158/1078-0432.CCR-07-4116

12. Guo, W, Pylayeva, Y, Pepe, A, Yoshioka, T, Muller, MJ, Inghirami, G, et al. Beta 4 integrin amplifies ErbB2 signaling to promote mammary tumorigenesis. Cell (2006) 126(3):489–502. doi: 10.1016/j.cell.2006.05.047

13. Natali, PG, Nicotra, MR, Botti, C, Mottolese, M, Bigotti, A, and Segatto, O. Changes in expression of alpha 6/beta 4 integrin heterodimer in primary and metastatic breast cancer. Br J Canc (1992) 66(2):318–22. doi: 10.1038/bjc.1992.263

14. Network TCGAComprehensive molecular portraits of human breast tumours. Nature (2012) 490(7418):61–70. doi: 10.1038/nature11412

15. Bachelder, RE, Marchetti, A, Falcioni, R, Soddu, S, and Mercurio, AM. p53 inhibits α6β4 integrin survival signaling by promoting the caspase 3-dependent cleavage of AKT/PKB. J Biol Chem (1999) 274(29):20733–7. doi: 10.1074/jbc.274.29.20733

16. Bachelder, RE, Marchetti, A, Falcioni, R, Soddu, S, and Mercurio, AM. Activation of p53 function in carcinoma cells by the α6β4 integrin. J Biol Chem (1999) 274(29):20733–7. doi: 10.1074/jbc.274.29.20733

17. Clark, AS, Lotz, MM, Chao, C, and Mercurio, AM. Activation of the p21 pathway of growth arrest and apoptosis by the b4 integrin cytoplasmic domain. J Biol Chem (1995) 270(39):22672–6. doi: 10.1074/jbc.270.39.22673

18. Carpenter, BL, Liu, J, Qi, L, Wang, C, and O’Connor, KL. Integrin α6β4 upregulates amphiregulin and epiregulin through base excision repair-mediated DNA demethylation and promotes genome-wide DNA hypomethylation. Sci Rep (2017) 7(1):6174. doi: 10.1038/s41598-017-06351-4

19. Weaver, VM, Lelievre, S, Lakins, JN, Chrenek, MA, Jones, JC, Giancotti, F, et al. β4 integrin-dependent formation of polarized three-dimensional architecture confers resistance to apoptosis in normal and malignant mammary epithelium. Cancer Cell (2002) 2(3):205–16. doi: 10.1016/S1535-6108(02)00125-3

20. McCann, KE, Hurvitz, SA, and McAndrew, N. Advances in targeted therapies for triple-negative breast cancer. Drugs (2019) 79(11):1217–30. doi: 10.1007/s40265-019-01155-4

21. Ademuyiwa, FO, Ellis, MJ, and Ma, CX. Neoadjuvant therapy in operable breast cancer: Application to triple negative breast cancer. J Oncol (2013) 2013:219869. doi: 10.1155/2013/219869

22. Wahba, HA, and El-Hadaad, HA. Current approaches in treatment of triple-negative breast cancer. Cancer Biol Med (2015) 12(2):106–16. doi: 10.7497/j.issn.2095-3941.2015.0030

23. Casorelli, I, Bossa, C, and Bignami, M. DNA Damage and repair in human cancer: molecular mechanisms and contribution to therapy-related leukemias. Int J Environ Res Public Health (2012) 9(8):2636–57. doi: 10.3390/ijerph9082636

24. Florea, A-M, and Büsselberg, D. Cisplatin as an anti-tumor drug: Cellular mechanisms of activity, drug resistance and induced side effects. Cancers (2011) 3:1351–71. doi: 10.3390/cancers3011351

25. Siddik, ZH. Cisplatin: mode of cytotoxic action and molecular basis of resistance. Oncogene (2003) 22:7265–79. doi: 10.1038/sj.onc.1206933

26. Bowden, NA. Nucleotide excision repair: Why is it not used to predict response to platinum-based chemotherapy? Cancer Lett (2014) 346(2):163–71. doi: 10.1016/j.canlet.2014.01.005

27. Her, J, and Bunting, SF. How cells ensure correct repair of DNA double-strand breaks. J Biol Chem (2018) 293:10502–11. doi: 10.1074/jbc.TM118.000371

28. Freed-Pastor, WA, Mizuno, H, Zhao, X, Langerod, A, Moon, SH, Rodriguez-Barrueco, R, et al. Mutant p53 disrupts mammary tissue architecture via the mevalonate pathway. Cell (2012) 148(1-2):244–58. doi: 10.1016/j.cell.2011.12.017

29. Bertotti, A, Comoglio, PM, and Trusolino, L. Beta4 integrin activates a Shp2-src signaling pathway that sustains HGF-induced anchorage-independent growth. J Cell Biol (2006) 175(6):993–1003. doi: 10.1083/jcb.200605114

30. Chen, M, Sinha, M, Luxon, BA, Bresnick, AR, and O'Connor, KL. Integrin α6β4 controls the expression of genes associated with cell motility, invasion and metastasis including S100A4/metastasin. J Biol Chem (2009) 284:1484–94. doi: 10.1074/jbc.M803997200

31. Chen, M, and O'Connor, KL. Integrin alpha6beta4 promotes expression of autotaxin/ENPP2 autocrine motility factor in breast carcinoma cells. Oncogene (2005) 24(32):5125–30. doi: 10.1038/sj.onc.1208729

32. Hall, MD, Telma, KA, Chang, K-E, Lee, TD, Madigan, JP, Lloyd, JR, et al. Say no to DMSO: Dimethylsulfoxide inactivates cisplatin, carboplatin, and other platinum complexes. Cancer Res (2014) 74(14):3913–22. doi: 10.1158/0008-5472.CAN-14-0247

33. Ran, FA, Hsu, PD, Wright, J, Agarwala, V, Scott, DA, and Zhang, F. Genome engineering using the CRISPR-Cas9 system. Nat Protoc (2013) 8(11):2281–308. doi: 10.1038/nprot.2013.143

34. Stewart, RL, Carpenter, BL, West, DS, Knifley, T, Liu, L, Wang, C, et al. S100A4 drives non-small cell lung cancer invasion, associates with poor prognosis, and is effectively targeted by the FDA-approved anti-helminthic agent niclosamide. Oncotarget (2016) 7(23):34630–42. doi: 10.18632/oncotarget.8969

35. Franken, NA, Rodermond, HM, Stap, J, Haveman, J, and van Bree, C. Clonogenic assay of cells in vitro. Nat Protoc (2006) 1(5):2315–9. doi: 10.1038/nprot.2006.339

36. Chen, M, Bresnick, AR, and O'Connor, KL. Coupling S100A4 to rhotekin alters rho signaling output in breast cancer cells. Oncogene (2013) 32(32):3754–64. doi: 10.1038/onc.2012.383

37. Lipscomb, EA, Dugan, AS, Rabinovitz, I, and Mercurio, AM. Use of RNA interference to inhibit integrin α6β4-mediated invasion and migration of breast carcinoma cells. Clin Exp Metastas (2003) 20:569–76. doi: 10.1023/A:1025819521707

38. Chung, J, Yoon, S-O, Lipscomb, EA, and Mercurio, AM. The met receptor and α6β4 integrin can function independently to promote carcinoma invasion. J Biol Chem (2004) 279:32287–93. doi: 10.1074/jbc.M403809200

39. Qi, L, Knifley, T, Chen, M, and O'Connor, KL. Integrin α6β4 requires plectin and vimentin for adhesion complex distribution and invasive growth. J Cell Sci (2022) 135(2):jcs258471. doi: 10.1242/jcs.258471

40. Simon, M, Mesmar, F, Helguero, L, and Williams, C. Genome-wide effects of MELK-inhibitor in triple-negative breast cancer cells indicate context-dependent response with p53 as a key determinant. PloS One (2017) 12(2):e0172832. doi: 10.1371/journal.pone.0172832

41. Garutti, M, Pelizzari, G, Bartoletti, M, Malfatti, MC, Gerratana, L, Tell, G, et al. Platinum salts in patients with breast cancer: A focus on predictive factors. Int J Mol Sci (2019) 20(14):3390. doi: 10.3390/ijms20143390

42. Bierie, B, Pierce, SE, Kroeger, C, Stover, DG, Pattabiraman, DR, Thiru, P, et al. Integrin-β4 identifies cancer stem cell-enriched populations of partially mesenchymal carcinoma cells. Proc Natl Acad Sci USA (2017) 114(12):E2337–E46. doi: 10.1073/pnas.1618298114

43. Nikolopoulos, SN, Blaikie, P, Yoshioka, T, Guo, W, Puri, C, Tacchetti, C, et al. Targeted deletion of the integrin beta4 signaling domain suppresses laminin-5-dependent nuclear entry of mitogen-activated protein kinases and NF-kappaB, causing defects in epidermal growth and migration. Mol Cell Biol (2005) 25(14):6090–102. doi: 10.1128/MCB.25.14.6090-6102.2005

44. Mainiero, F, Murgia, C, Wary, KK, Curatola, AM, Pepe, A, Blumemberg, M, et al. The coupling of α6β4 integrin to ras-MAP kinase pathways mediated by shc controls keratinocyte proliferation. EMBO (1997) 16(9):2365–75. doi: 10.1093/emboj/16.9.2365

45. Kong, LR, Chua, KN, Sim, WJ, Ng, HC, Bi, C, Ho, J, et al. MEK inhibition overcomes cisplatin resistance conferred by SOS/MAPK pathway activation in squamous cell carcinoma. Mol Cancer Ther (2015) 14(7):1750–60. doi: 10.1158/1535-7163.MCT-15-0062

46. Fraser, M, Bai, T, and Tsang, BK. Akt promotes cisplatin resistance in human ovarian cancer cells through inhibition of p53 phosphorylation and nuclear function. Int J Canc (2008) 122(3):534–46. doi: 10.1002/ijc.23086

47. Petitjean, A, Mathe, E, Kato, S, Ishioka, C, Tavtigian, SV, Hainaut, P, et al. Impact of mutant p53 functional properties on TP53 mutation patterns and tumor phenotype: Lessons from recent developments in the IARC TP53 database. Hum Mutat (2007) 28(6):622–9. doi: 10.1002/humu.20495

48. Zimmermann, M, and Lange, Td. 53BP1: pro choice in DNA repair. Trends Cell Biol (2014) 24(2):108–17. doi: 10.1016/j.tcb.2013.09.003

49. Pierce, AJ, Johnson, RD, Thompson, LH, and Jasin, M. XRCC3 promotes homology-directed repair of DNA damage in mammalian cells. Genes Dev (1999) 13(20):2633–8. doi: 10.1101/gad.13.20.2633

50. Seluanov, A, Mittelman, D, Pereira-Smith, OM, Wilson, JH, and Gorbunova, V. DNA End joining becomes less efficient and more error-prone during cellular senescence. Proc Natl Acad Sci USA (2004) 101(20):7624–9. doi: 10.1073/pnas.0400726101

51. Shieh, S-Y, Ikeda, M, Taya, Y, and Prives, C. DNA Damage-induced phosphorylation of p53 alleviates inhibition by MDM2. Cell (1997) 91(3):325–34. doi: 10.1016/S0092-8674(00)80416-X

52. Xiong, G, Stewart, RL, Chen, J, Gao, T, Scott, TL, Samayoa, LM, et al. Collagen prolyl 4-hydroxylase 1 is essential for HIF-1α stabilization and TNBC chemoresistance. Nat Commun (2018) 9:4456. doi: 10.1038/s41467-018-06893-9

53. Lama-Sherpa, TD, and Shevde, LA. An emerging regulatory role for the tumor microenvironment in the DNA damage response to double-strand breaks. Mol Cancer Res (2020) 18(2):185. doi: 10.1158/1541-7786.MCR-19-0665

54. Graham, DM, and Burridge, K. Mechanotransduction and nuclear function. Curr Opin Cell Biol (2016) 40:98–105. doi: 10.1016/j.ceb.2016.03.006

55. Cooper, J, and Giancotti, FG. Integrin signaling in cancer: Mechanotransduction, stemness, epithelial plasticity, and therapeutic resistance. Cancer Cell (2019) 35:347–67. doi: 10.1016/j.ccell.2019.01.007

56. Walker, JL, and Assoian, RK. Integrin-dependent signal transduction regulating cyclin D1 expression and G1 phase cell cycle progression. Cancer Metastas Rev (2005) 24(3):383–93. doi: 10.1007/s10555-005-5130-7

57. Moreno-Layseca, P, and Streuli, CH. Signalling pathways linking integrins with cell cycle progression. Matrix Biol (2014) 34:144–53. doi: 10.1016/j.matbio.2013.10.011

58. Carpenter, BL, Chen, M, Knifley, T, Davis, KA, Harrison, SM, Stewart, RL, et al. Integrin α6β4 promotes autocrine EGFR signaling to stimulate migration and invasion toward hepatocyte growth factor (HGF). J Biol Chem (2015) 290(45):27228–38. doi: 10.1074/jbc.M115.686873

59. Gerson, KD, Maddula, VS, Seligmann, BE, Shearstone, JR, Khan, A, and Mercurio, AM. Effects of β4 integrin expression on microRNA patterns in breast cancer. Biol Open (2012) 1(7):658–66. doi: 10.1242/bio.20121628

60. Miskin, RP, Warren, JSA, Ndoye, A, Wu, L, Lamar, JM, and DiPersio, CM. Integrin α3β1 promotes invasive and metastatic properties of breast cancer cells through induction of the brn-2 transcription factor. Cancers (Basel) (2021) 13(3):480. doi: 10.3390/cancers13030480

61. Wu, J, Zhao, R, Lin, J, and Liu, B. Integrin β4 reduces DNA damage−induced p53 activation in colorectal cancer. Oncol Rep (2018) 40(4):2183–92. doi: 10.3892/or.2018.6628

62. Williams, AB, and Schumacher, B. p53 in the DNA-Damage-Repair process. Cold Spring Harb Perspect Med (2016) 6(5):a026070. doi: 10.1101/cshperspect.a026070

63. Sirbu, BM, Lachmayer, SJ, Wülfing, V, Marten, LM, Clarkson, KE, Lee, LW, et al. ATR-p53 restricts homologous recombination in response to replicative stress but does not limit DNA interstrand crosslink repair in lung cancer cells. PloS One (2011) 6(8):e23053. doi: 10.1371/journal.pone.0023053

64. Serrano, MA, Li, Z, Dangeti, M, Musich, PR, Patrick, S, Roginskaya, M, et al. DNA-PK, ATM and ATR collaboratively regulate p53-RPA interaction to facilitate homologous recombination DNA repair. Oncogene (2013) 32(19):2452–62. doi: 10.1038/onc.2012.257

65. Zhou, X, Hao, Q, and Lu, H. Mutant p53 in cancer therapy-the barrier or the path. J Mol Cell Biol (2019) 11(4):293–305. doi: 10.1093/jmcb/mjy072

66. Song, H, Hollstein, M, and Xu, Y. p53 gain-of-function cancer mutants induce genetic instability by inactivating ATM. Nat Cell Biol (2007) 9(5):573–80. doi: 10.1038/ncb1571

67. Vesela, E, Chroma, K, Turi, Z, and Mistrik, M. Common chemical inductors of replication stress: Focus on cell-based studies. Biomolecules (2017) 7(1):19. doi: 10.3390/biom7010019

68. Heijink, AM, Everts, M, Honeywell, ME, Richards, R, Kok, YP, deVries, EGE, et al. Modeling of cisplatin-induced signaling dynamics in triple-negative breast cancer cells reveals mediators of sensitivity. Cell Rep (2019) 28:2345–57. doi: 10.1016/j.celrep.2019.07.070

69. Telli, ML, Timms, KM, Reid, J, Hennessy, B, Mills, GB, Jensen, KC, et al. Homologous recombination deficiency (HRD) score predicts response to platinum-containing neoadjuvant chemotherapy in patients with triple-negative breast cancer. Clin Cancer Res (2016) 22(15):3764–73. doi: 10.1158/1078-0432.CCR-15-2477

70. Amable, L. Cisplatin resistance and opportunities for precision medicine. Pharmacol Res (2016) 106:27–36. doi: 10.1016/j.phrs.2016.01.001

71. Lord, CJ, and Ashworth, A. BRCAness revisited. Nat Rev Canc (2016) 16:110–20. doi: 10.1038/nrc.2015.21

72. Panier, S, and Boulton, SJ. Double-strand break repair: 53BP1 comes into focus. Nat Rev Mol Cell Biol (2014) 15:7–18. doi: 10.1038/nrm3719

73. Bunting, SF, Callén, E, Wong, N, Chen, H-T, Polato, F, Gunn, A, et al. 53BP1 inhibits homologous recombination in Brca1-deficient cells by blocking resection of DNA breaks. Cell (2010) 141(2):243–54. doi: 10.1016/j.cell.2010.03.012

74. Bouwman, P, Aly, A, Escandell, JM, Pieterse, M, Bartkova, J, van der Gulden, H, et al. 53BP1 loss rescues BRCA1 deficiency and is associated with triple-negative and BRCA-mutated breast cancers. Nat Struct Mol Biol (2010) 17:688–95. doi: 10.1038/nsmb.1831

75. Leong, C-O, Vidnovic, N, DeYoung, MP, Sgroi, D, and Ellisen, LW. The p63/p73 network mediates chemosensitivity to cisplatin in a biologically defined subset of primary breast cancers. J Clin Invest. (2007) 117(5):1370–80. doi: 10.1172/JCI30866

76. Tan, EY, and Cheok, CF. Bringing p53 into the clinic. J Cancer Sci Ther (2014) 6(9):363–9. doi: 10.4172/1948-5956.1000294



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Chen, Marrs, Qi, Knifley, Weiss, D’Orazio and O’Connor. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-12-1043538-g004.jpg
siRNA
+ Cisplatin
p-ATM S1981
Total ATM

p-p53 S15

Total p53

250-

- - s | p-53BP1 1778
250 g - Total 53BP1
15] e g e e | VH2AX

s [ .1

Actin

EV B4 EV B4
BT549 population
o
EV B4 B4+p53KO
Kba - + - + - + Cisplatin
50-| ————— Total p53
15- - - YH2AX
————
= = pare-1
75- hand
37| ——— e Actin

Relative Levels

Relative Levels

p-ATM S1981

*k

p-53BP1 81778

*% *% 10

Cleaved PARP-1
*Kk *

20 4

Cleaved PARP-1






OEBPS/Images/fonc-12-1043538-g007.jpg
LPPLNN+ 920LNN+

»
uneidsiy < uedsio s
I PO N g
* g upedsly
une|dsi <
D ] vreidso H ooy &
| o 920LAN+
— ugedsiy <
* unedsio Pe)
> ugedsiy ¥
g o " -
* & ﬂ |ouod @
I vecso P 920LNN+
unedsip -
I - * N S
. T T ' T T . <
¥ N © © © % N O uneldsiy m
b i -~ o o o o o
jonuo)
0 (1o13u0) 03 aANE|BY)
Angein + N - © © ¥ o o
b ol s o o o o
(1o3u09 03 aAnE|RY)
920NN+ a Anqeipn
unedsio
920NN
% WEIN & 920NN+
ugedsdy @ unedsio
hid * <
i N g i | - oo 2
ugedsiy m
L (7]
ugeidsy =
lojuo) z ... 1]
unedsio % I
9Z0LNN+
*
B, i — I
. WYINN+ 3 - >
* LPLON m g
unedst
upeidsiy @ — I v=so P

o w9 W o wo
<t M M N N «~ «— O

o 3 o
o L 2 o o o o o
(950ZS so)d-¥NQ-d) (1o3U09 0} aAlERY)

< S|oA8T aAnRIOY o Aunqein





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Integrin α6β4 signals through DNA damage response pathway to sensitize breast cancer cells to cisplatin

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Cell lines and drug treatments

          



          		

            CRISPR-Cas9 gene engineering

          



          		

            Subcellular protein fractionation and immunoblot analysis

          



          		

            MTT assay

          



          		

            Clonogenic survival assays

          



          		

            Immunocytochemistry and the proximity ligation assay

          



          		

            DNA repair reporter assays

          



          		

            Cell cycle analysis by propidium iodide staining

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Integrin α6β4 sensitizes TNBC cells to cisplatin treatment

          



          		

            Integrin α6β4 signaling promotes ATM-p53-53BP1 activation and the association of p53 and 53BP1 with chromatin in response to cisplatin treatment

          



          		

            Mutant p53 facilitates integrin α6β4-mediated ATM/53BP1 activation and sensitization to cisplatin

          



          		

            Integrin α6β4 signaling stimulates NHEJ and suppresses HR in response to cisplatin

          



          		

            DNA-PK is preferentially activated downstream of integrin α6β4 and required for enhanced 53BP1 phosphorylation

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-12-1043538-g001.jpg
KDa

BT549
EV B4 1.0

150+

o
®

Integrin B4

=

KDa

o
o

Tubulin

Relative Viability
o
'S

o
N

SUM159 0.0

(9]

—e—BT549 EV

—=—BT549 B4

IC50 (uM)

shCont shp4#4 shB4#5 0.1

-+ - 4+ - 4

Cisplatin

150-

- . =+ e | Integrin B4

75-

cPARP-1

Tubulin

50-

G

KDa
50-

150-

MDA-MB-231

NT B4
-+ -+
| —_— —

siRNA
Doxycycline
p53

Integrin B4

37

| —— ACtin

1.0 10.0

Cisplatin (uM)

F

1C50 (M)

SUM159
5 *

4

w

N

N

shCont shp4 shp4
#4 #5

1.4

EBT549 EV
BBT549-84

Cisplatin

I

1.4

Relative Viability
© o o =
A OO ©® = N

S
)

0+

Survival Fraction

1.4
1.2
1.0
0.8
0.6
0.4
0.2

0.0

0.0

Clonogenic Survival

—e—BT549 EV
—=—BT549 p4
*
*% *
0.5 1.0 2.5
Cisplatin (uM)

=== MDA231 control
=== MDA231 B4siRNA

= ] =MDA231 p53sh

= 0 =MDA231 p53sh+B4si

0.1

Cisplatin (uM)





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc.2022.1043538_cover.jpg
, frontiers ‘ Frontiers in Oncology

Integrin a.6p4 signals through
DNA damage response pathway
to sensitize breast cancer
cells to cisplatin





OEBPS/Images/fonc-12-1043538-g003.jpg
@

A EV B4 EV B4 EV B4 BT549 pop.
kDa - + - -+ -+ -+ - + Cisplatin
50- — —_— — w===-| p-p53 S15

250~
15

p-53 S15 p-53BP1 $1778

*
6 -
*%
—

| mCont
5 Cisplatin T

[ g—— — | p-53BP1 81778 5 | mCont T

Cisplatin

| "] yH2AX

—— — — e wm=| Total P53

4 4 *k
*k

—

T

L h-

501 —
250'--- I e s e | = T B s Total 53BP1

15 e e S— —— Histone H2B

0| ———— — Tubulin

75 S s | | — — — — | | i .t | D84

Relative Level of Chromatin Bound
w

Relative Level of Chromatin Bound
w

Total lysates Nuclear Soluble ~ Chromatin bound EV B4

C DAPI p-p53 p-53BP1 Merged DAPI p-p53 p-53BP1 Merged

Control
m
.
Control

Cisplatin
Cisplatin






OEBPS/Images/fonc-12-1043538-g005.jpg
A 20

C

Count Number

Count Number

Relative repair efficiency
4o
ONBD»ODO®O®ONDDOO®

HR Reporter

*%

BT549 EV

BT549 EV-Control

1<y
I G2
Kys

[ Reporter
[l + Sce1

[ + Sce1 + Cisplatin

300

100

BT549 B4

BT549 EV-Cisplatin

Gt
Il G2
RYS

° Pl 'innten'gity "
BT549 p4-Control
M G1

. G2
Rys

T

Pl‘wlnteﬁ”sity -

BT549 B4-Cisplatin

I Gt
G2
Rs

“ Pl Tnter{;ity -

‘Pl innritengity -

Relative repair efficiency

w
o

N
o

N
o

=
o

-
o

o

o

Percent Total

NHEJ Reporter

*k%k
** I
i . ‘

[ Reporter
1 [ +Scel
@ + Sce1 + Cisplatin

*
7—_--.

BT549 EV

100

80

60

40

20

Control Cisplatin| Control Cisplatin|

BT549 EV

BT549 B4

BG1
ms
o G2/M

BT549 g4





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-1043538-g008.jpg
N

p53 <—— DNA-PK

|
I\

HR

v

Platinum
Sensitivity






OEBPS/Images/fonc-12-1043538-g006.jpg
A

@

BT549-EV BT549-84 3 p-ATM S1981 10 p-p53 815
e S ——— L S —— Cont
Cisplatin Cisplatin G — B —
D -_— e e— M NU7441 ) 25 1 .cisium7aat w8 Cist 1 M7441
a 0 0 1 5 0 0 1 5 7. g | momswmra 4 Gt 5 uM7441 T
]
e o= | p-ATM S1981 J..] — de "
> > —
——— — | ATM w % 4
2504 % i - T - %
x x 2 T
50 - B | p-p53 S15 0.5 4 i - N
— —— — 0 0 -‘
50 — —_— ww | Total p53 EV B4 EV B4
250
- P-53BP1iS1778 p-53BP1 S1778 p-DNA-PKcs S2056
250 4 *k 8 "o
- - — 53BP1 Cont — Cont ﬁ
] .EIS 7481 1uM ] i
» 57441 1u »
ol - - PDNAPKes $2056 3 Ccurunsum AR eyl
- -
250. — - - - Total DNA-PKcs o 24 9 4
] ]
15. —— — SR e—— yH2AX E 11 E 2
37 e Y i —— e | A cHir) ' -
0 0
C : D
NT DNA-PKcs  siRNA p-ATM S1981 p-p53 S15 p-53BP1 §1778
a - T E ESF 2 Cisplatin 45 - * *k 6 - * * 3 *k ok
-ATM S1981 *x
250. - P S198 4 1;\ 5 J [ 25 [—
Total ATM 351 T ) ] I
250 ° 3 S 4 | e 2
-— H H H
504 - p-p53 §15 S254{ L <4, P
[ o 34 ol _
501 Total p53 2 27 T 2 i & 2
545 - B2 = 540 ~
250 e o = ‘| p53BP181778 & 4 | & &
- 1 ialalale 0.5 i
T T TTIT | Total 53BP1 0.5 - 11
0 0 0
ey Total DNA-PKcs - - - - - - - - - - - -
250 £ 2|g ol 2| 0 £ olg o|g ol o £ ole 2l 2l @
. Actin 80808080 8080808() 80808080
—_—— EV | g4 | EV | p4 EV | g4 | EV | B4 EV | B4 | EV | B4
EV B4 EV B4 BT549 pop. NT  |IDNA-PKcs si NT  |DNA-PKcs si NT  |DNA-PKcs si
E DNA-PKcs + p53 PLA p53 + 53BP1 PLA DNA-PKcs + 53BP1 PLA
Control + Cisplatin Control + Cisplatin Control + Cisplatin
>
w
(=]
<
n
[=
)






OEBPS/Images/fonc-12-1043538-g002.jpg
A B

EV 4 4-1355T BT549 5
pe_s AR 2 ROR p-ATM S1981 p-p53 S15 p-53BP1 51778
R I Cisplatin 45 * 140 **
250 - . = v | p-ATM S1981 4 120

Tl » 35 K »n
250 otz % 3 % 100 %
50 - — <] p-ps3 515 425 4 80 |
o o (3
50| smm———— Total p53 2 2 60 2
250- 3BP1 S1778 - 3 40 B
| e S -5 77 Q Q Q
P & & &

250- mus s W= s s smes| Total 53BP1

S =
o=~ N

151 — — | yHoax

- . h Integrin B4
150-|

37| — | Actin

Cc D
MDA-MB-231 p-p53 S15 p-53BP1 S1778
4 8
Control pako = Control 7 = Control
0 [}
ka0 1510 0 1 510 Cisplatin (uM) T BB KO g6y "MKO
50— | p-p53 815 2 $5
50| S———— | Total p53 _g _g b
k] 83
250 - skt e s s e | P-53BP1 S1778 > S 2
o (4
20— — — — — — | Total 538P1 1
’ 0
150 e Integrin B 0 1uM 5uM 10pM 0  1uM  5uM  10uM
37.| —— Actin Dose of Cisplatin (uM) Dose of Cisplatin (uM)






