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The microenvironment of breast cancer actively participates in tumorigenesis and cancer progression. The changes observed in the architecture of the extracellular matrix initiate an oncogene-mediated cell reprogramming, that leads to a massive triggering of YAP nuclear entry, and, therefore, to cancer cell proliferation, invasion and probably to increased radiation-resistance. However, it is not yet fully understood how radiotherapy regulates the expression and subcellular localization of YAP in breast cancer cells experiencing different microenvironmental stiffnesses. To elucidate the role of extracellular matrix stiffness and ionizing radiations on YAP regulation, we explored the behaviour of two different mammary cell lines, a normal epithelial cell line (MCF10A) and a highly aggressive and invasive adenocarcinoma cell line (MDA-MB-231) interacting with polyacrylamide substrates mimicking the mechanics of both normal and tumour tissues (∼1 and ∼13 kPa). We report that X-ray radiation affected in a significant way the levels of YAP expression, density, and localization in both cell lines. After 24 h, MCF10A and MDA-MB-231 increased the expression level of YAP in both nucleus and cytoplasm in a dose dependent manner and particularly on the stiffer substrates. After 72 h, MCF10A reduced mostly the YAP expression in the cytoplasm, whereas it remained high in the nucleus of cells on stiffer substrates. Tumour cells continued to exhibit higher levels of YAP expression, especially in the cytoplasmic compartment, as indicated by the reduction of nuclear/cytoplasmic ratio of total YAP. Then, we investigated the existence of a correlation between YAP localization and the expression of the nuclear envelope protein lamin A/C, considering its key role in modulating nuclear deformability and changes in YAP shuttling phenomena. As supposed, we found that the effects of radiation on YAP nucleus/cytoplasmic expression ratio, increasing in healthy cells and decreasing in tumour ones, were accompanied by lower and higher lamin A/C levels in MCF10A and MDA-MB-231 cells, respectively. These findings point to obtain a deeper knowledge of the role of the extracellular matrix and the effects of X-rays on YAP and lamin A/C expression that can be used in the design of doses and timing of radiation therapy.
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1 INTRODUCTION
Breast cancer is one of the most diagnosed diseases in women (Ferlay et al., 2018; DeSantis et al., 2019), which incidence increases together with age and other factors, such as ethnicity and family history of cancer (Coughlin, 2019). Therefore, together with prevention, enhancement and optimization of conventional treatments are fundamental for the reduction of its mortality. From several decades one of the most widely used treatment for breast tumours is radiotherapy since that the X-rays, produced by the linear accelerator (LINAC), can severely damage the DNA of the cells, through the formation of double-stranded breaks (Iliakis et al., 2003). The effect of ionizing radiations on the cell is well known in the literature: many studies have proven how radiation can provoke almost half of the DNA lesions leading to a plethora of consequences, such as carcinogenesis, cell death, or mutation (Elkind, 1984; Sinclair and Fry, 1987; Smith, 1987; Ward, 1988). On the other hand, yet a small number of investigations have focused on the mechanobiology of irradiated cell and tissues. It is nowadays well established a direct connection between the development of cancer and the alteration in the components of the cytoskeleton (CSK) (Hall, 2009; Panzetta et al., 2017), a structure that regulates several biological processes (Krieg et al., 2019; Ladoux and Mège, 2017). Specifically, during cancer transformation, the CSK is subjected to modifications in its arrangement and composition, generally accompanied by a lowering of the cell mechanical properties (Yilmaz and Christofori, 2009; La Verde et al., 2021). The reorganization of the CSK in tumour cells may results in epithelial-mesenchymal transition (EMT), which can promote cell migration and tumour invasiveness. Another biological structure essential to the correct functioning of cells and tissues is the extracellular matrix (ECM), which, in the transformation process of a healthy tissue into a tumoral one, stiffens, increasing its mechanical properties (Panzetta et al., 2017). In this regard, a massive effort is underway to elucidate the precise relationship existing between ECM mechanics and cell oncogenic reprogramming. And, even if not everything has been understood, a growing body of evidence indicates that the ECM stiffening (typical of ageing, inflammation, fibrosis, diabetes and smoking) (Panciera et al., 2017) can instruct normal cells to undergo a profound reprogramming and to acquire a tumour malignant phenotype. It has been demonstrated, in fact, that matrices recapitulating the stiffnesses of fibrotic tissues can promote some elements of this process, by inducing changes in cell shape, reduction in E-cadherin, followed by increase of N-cadherin, nuclear localization of β-catenin (Wei et al., 2015; Fattet et al., 2020), an increase in cell proliferation and a more active invasion process (Panzetta et al., 2017; Stowers et al., 2017; Panciera et al., 2020), particularly for breast cancer (Li et al., 2008; Baker et al., 2010; Nikkhah et al., 2010; Plodinec et al., 2012). Taken together these facts demonstrate how the loss of tissue homeostasis and diseases onset are strictly correlated to the point that some traditional and novel cancer treatments are targeting these structures (Karahalil et al., 2019). Indeed, going deeper, another fundamental function of the CSK is the conversion of mechanical signal into biochemical responses. With the mechanotransduction process, the CSK can pick mechanical stimuli and send them to the cell through the activation of mechanosensors, like Yes-associated protein (YAP)/Transcriptional coactivator with PDZ-binding motif (TAZ) complex (Low et al., 2014a). YAP is a transcriptional coactivators protein that, together with TAZ is strictly associated to mechanical and structural changes in the cell microenvironment. These proteins can move from the cytoplasm to the nucleus, where they interact with the TEA domain (TEAD) (Piccolo et al., 2014), association considered fundamental to promote their transcriptional abilities (Zhao et al., 2008; Chan et al., 2009; Zanconato et al., 2015). In healthy tissues, YAP moves from the nucleus to the cytoplasm (Dupont et al., 2011), where they can be degraded or inactivated, whereas in tumoral tissues YAP moves in the other direction where its transcriptional activity can be activated (Nukuda et al., 2015; Pocaterra et al., 2020). Additionally, it was reported that these proteins are usually stimulated during the development of most solid tumours, inducing cell proliferation, and increasing cells’ ability to create metastases (Camargo et al., 2007; Dong et al., 2007; Zhao et al., 2007; Chan et al., 2008; Zanconato et al., 2016a). YAP/TAZ complex is becoming a target in some cancer therapies since it has been proved that there is an increased expression of YAP and TAZ in the cell’s nucleus in KRAS-mutated cells, such as the invasive adenocarcinoma cell line MDA-MB-231. Conversely, the normal epithelial cell line MCF10A shows high concentrations of YAP in the cytoplasm (Panciera et al., 2020). Some recent studies have also reported a direct correlation between YAP and cell resistance to radiation. To high levels of YAP activation is associated a low response to X-rays, while YAP silencing increases sensitivity to radiation and the cell DNA damage (Fernandez-L et al., 2012; Akervall et al., 2014; Xu et al., 2019). Thus, all this indicates the necessity to implement new therapeutical approaches that consider the different and complex mechanisms underlying tumoral treatment. In this frame, we here investigated how the combination of different X-ray doses and ECM stiffness regulates the expression of YAP in two different mammary cell lines. The healthy cell line, MCF10A, and its tumoral counterpart, MDA-MB-231 were seeded on type I collagen functionalized polyacrylamide substrates, characterised by a Young’s Modulus of 1.3 and 13 kPa to recapitulate some characteristics of the healthy and cancerous tissue respectively. In fact, breast cancer with its characteristic highly fibrotic collagen content shows an increased stiffness (5–10 kPa) in comparison with healthy breast tissue characterized by a stiffness of 1 kPa (Levental et al., 2009; Plodinec et al., 2012). Once interacting with mechanically different substrates, cells were exposed to two doses of X-rays: 2 and 10 Gy, corresponding the former to the daily dose delivered in conventional radiotherapy and the latter to the maximum dose employed in metastases treatment. Specifically, here we report a first attempt to study the role that the substrate stiffness plays in mediating the cellular response to X-ray radiation in terms of YAP expression, density, and localization. Then, we investigated the existence of a correlation between YAP localization and the expression of the nuclear envelope protein lamin A/C, considering its key role in modulating nuclear deformability and changes in YAP shuttling phenomena. Importantly, we found that X-ray radiation affected YAP localization, increased in nuclei of healthy cells, and decreased in those of tumour ones, concurrently with the reduction and the enhancement of lamin A/C levels in MCF10A and MDA-MB-231 cells. These findings underscore the necessity to further examine the effects that X-rays induce on YAP and lamin A/C expression, in relation to the mechanical microenvironment, on subsequent cell behaviour (i.e., radiation sensitization or induction of radiation resistance). Such knowledge could be useful in tailoring therapeutic procedures and especially in the design of doses and timing of radiation therapy.
2 MATERIALS AND METHODS
2.1 Polyacrylamide substrate preparation
Polyacrylamide substrates were prepared and functionalized as previously reported (Panzetta et al., 2020). Specifically, 2 different formulations were prepared: 4% acrylamide/0.15% methylene-bis-acrylamide and 10% acrylamide/0.1% methylene-bis-acrylamide corresponding to 1.3 and 13 kPa (Young’s modulus), respectively. The substrates were functionalized with a solution of bovine type I collagen (50 μg/ml) using a bifunctional photoreactive crosslinker (sulfosuccinimidyl 6-(4′-azido-2′-nitrophenylamino) hexanoate, sulfo-SANPAH; Fischer Scientific, Loughborough, United Kingdom). Mechanical measurements substrates were performed by a stress-controlled shear rheometer (Anton Paar MCR 502) equipped with 25 mm stainless steel parallel plate geometry tool and a Peltier heating system to control the temperature at 37°C. Dynamic frequency sweeps were performed with frequency ranging from 10–2 to 10 Hz in the linear regime (strain of 0.1%, Supplementary Figure S1).
2.2 Cell culture
The cell lines analysed in this study were the healthy MCF10A cell line, and the triple-negative cancerous one, MDA-MB-231. The former was cultured in Lonza Dulbecco’s Modified Eagle Medium (DMEM/F-12) supplemented with 0.4% Bovine Pituitary Extract (BPE), 0.1% Human Epidermal Growth Factor (hEGF), 0.1% insulin, 0.1% hydrocortisone, 1% penicillin-streptomycin. MDA-MB-231 cells were cultured in the same basal medium supplemented with 10% foetal bovine serum (FBS), 1% L-Glutamine, and 1% penicillin-streptomycin. ∼106 cells were seeded per polyacrylamide substrates (∼12.5[image: image]103 cells/cm2), obtaining the cell confluence condition.
2.3 X-ray irradiation
Cells were irradiated using the Synergy Agility LINAC produced by ELEKTA company, characterised by a field size of 20 × 20 cm2. The samples were irradiated at the National Cancer Institute “Pascale” of Naples with a 6 MV photon beam, usually employed in the conventional treatment. The cell plates were placed between two plexiglass plaques, the one on top thinner than the other, to attenuate the radiations and emulate the skin sparing effect.
2.4 Immunofluorescence
To analyse the samples, 24 and 72 h after irradiation, cells were fixed using 4% paraformaldehyde, heated to 37 °C, for 15 min. Afterwards, the samples were washed with Phosphate Buffered Saline (PBS). The immunofluorescence procedure can be divided into three phases: permeabilization, blocking, and immunostaining. For the permeabilization process, cell plates were covered with 250 μl of Triton-X 100, diluted at 0.1%, for 10 min. Afterwards, for the blocking phase, the samples were incubated with 250 µl of Bovine Serum Albumin (BSA) at 1% for 1 h at room temperature. Then, lamin A/C was localized by mouse monoclonal lamin A/C antibody (Santacruz, SC-376248) and Alexa488 goat anti-mouse secondary antibodies (Life Technologies, A11008). YAP was localized by YAP1 polyclonal rabbit antibody (PA1-46189, ThermoFisher Scientific) and Alexa546 mouse anti-rabbit secondary antibody.
2.5 Confocal acquisition
To quantify YAP concentration and lamin A/C level in cells, the samples were observed with Olympus confocal microscope with a 63× objective. 10 z-stack images (12-bit color), averaging 4 frames each acquisition, were acquired for each sample. Each image was characterized by a size of 13.8 μm × 13.8 μm with a pixel size of 0.13 μm.
2.6 YAP analysis
Total YAP expression in both cell’s nucleus, [image: image], and cytoplasm, [image: image], was investigated employing ImageJ Fiji software (NIH, Bethesda, MD, United States ). Briefly, the z-stacks for the red channel (YAP) were projected into a single image using the “sum projection” function in ImageJ. YAP and lamin A/C images were used to extract individual cellular and nuclear outlines using ImageJ ROI manager tool and YAP expression at each condition was evaluated in terms of integrated fluorescence intensity within individual cellular and nuclear boundaries, [image: image] and [image: image], respectively. The total YAP expression in the cytoplasm was calculated as difference between [image: image] and [image: image]. Then, the following parameters were evaluated:
[image: image]
representing nuclear to cytoplasmic ratio of total YAP. Values lower or higher than 1 indicate prevalent localization of YAP in the cytoplasm or the nucleus, respectively.
[image: image]
[image: image]
where [image: image] and [image: image] are the nucleus and the cytoplasm area, whereas [image: image] and [image: image] represent the nuclear and cytoplasmic density/concentration of YAP, respectively.
Finally, the nuclear to cytoplasmic ratio of YAP density was calculated:
[image: image]
This parameter is the most used to study the effects of translocation processes from nucleus to cytoplasm and vice versa and indicates if YAP is more concentrated into the cytoplasm ([image: image]) or in the nucleus ([image: image]).
All the analyses were carried out for both cell lines, doses, and times.
Considering that the analysis of the YAP fluorescence from the slices on the top and on the bottom of the nucleus may give a signal classified as belonging to the nucleus instead of to the cytoplasmic compartment, the analysis of all the parameters above introduced was performed by following a different procedure for a set of randomly selected cells in different conditions (13 cells). For the analysis of YAP in the nucleus, the slices where the nucleus is present were extracted and projected into a single image using again the ‘sum projection’ function in ImageJ. Then, [image: image] was evaluated in terms of integrated fluorescence intensity within the nuclear boundaries and used as real YAP expression in the nucleus ([image: image]). The analysis of all the other parameters was performed as previously described ([image: image] and [image: image]). The error committed for [image: image], [image: image] and [image: image] was evaluated as: [image: image] (Supplementary Figure S2).
2.6 Lamin A/C analysis
To quantify lamin A/C level, the z-stacks for the green channel (lamin A/C) were projected into a single image using the “maximum projection” function in ImageJ. Then, lamin A/C expression at each condition was evaluated in terms of integrated fluorescence intensity within individual nuclear boundaries.
2.7 Statistical analysis
Statistical comparisons were performed with a nonparametric Kruskal-Wallis test followed by Dunn-Bonferroni post-hoc method with p-values < 0.05 considered statistically significant.
3 RESULTS AND DISCUSSION
3.1 Radiation effects on nuclear to cytoplasmic YAP ratio density
The Hippo-YAP/TAZ pathway is an evolutionary conserved mechano-signalling pathway that has a crucial role in regulating organ size and tumorigenesis by moderating the balance between cellular proliferation and apoptosis. Inhibition of the Hippo-YAP/TAZ signalling pathway promotes the translocation of YAP/TAZ into the nucleus, thereby allowing the activation of the downstream genes. It has also been demonstrated that overexpression of YAP enhances tumorigenesis and metastasis also in vivo by inducing the EMT process and then, the upregulation of N-cadherin followed by the downregulation of E-cadherin. Furthermore, the role of YAP in mediating radiotherapy and chemotherapy resistance has been the subject of many studies that have indicated that high levels of YAP expression correlate with poor cell response to radiation therapy (Fernandez-L et al., 2012; Akervall et al., 2014). Further, YAP nuclear expression levels were demonstrated be correlated with poor prognosis of patients and with low sensitivity to radiation (Tsujiura et al., 2014).
Nevertheless, little is known about the effects of radiation on YAP expression and localization in breast cells interacting with physio-pathological microenvironments. In particular, the effects of radiation on the localization of YAP were evaluated using Eq. 4, where YAP concentration of both the nucleus and the cytoplasm was calculated measuring the integrated fluorescence with the ImageJ software (Figure 1).
[image: Figure 1]FIGURE 1 | Sum intensity projections of z-stack images taken from YAP immunofluorescence in MCF10A (A–L) and MDA-MB-231 (M–X), shown as rainbow RGB look-up table. Colour bar: YAP intensity (A–U). Scale bar, 50 μm.
This ratio was calculated for both cell lines and the used time points were 24 and 72 h after irradiation. The obtained values are shown in Figure 2, where the box plots show the mean value, the median, the interquartile range, and the outliers. The healthy cell line was characterised by a YAP ratio close to 1 on both substrates, indicating an evenly distributed signal into the cytoplasmic and nuclear compartments. A slight but significant increase of this ratio was found passing from 1.3 to 13 Young’s modulus, indicating that MCF10A cells can perceive the different mechanical properties of their microenvironment. However, the high confluence cooperates to prevent a massive translocation into the nucleus also in those mechanical conditions where YAP activity is generally promoted ([image: image] >> 1) (Dupont et al., 2011). Then, we investigated the effects of irradiation after 24 h and found a dose-dependent increase of the ratio on the soft substrate (Figure 2). On the stiffer substrate, YAP concentration of MCF10A cells showed higher values than the control condition after being irradiated with a dose of 2 Gy, while the higher dose did not affect the YAP ratio.
[image: Figure 2]FIGURE 2 | (A) Box plots in which the mean value, the median, the interquartile, and the outliers of the normalized YAP nucleus to cytoplasm ratio, [image: image], are shown. The values have been estimated for both cell lines 24 (top) and 72 h (bottom) after irradiation. MCF10A on: 1.3 kPa substrate at 24 h n = 50, 39,and 40 for control, 2 Gy, 10 Gy, respectively; 1.3 kPa substrate at 72 h n = 20 for control, 2 Gy, 10 Gy; 13 kPa at 24 h n = 48, 33, and 23 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 72 h n = 20 for control, 2 Gy, 10 Gy; MDA-MB-231 on: 1.3 kPa substrate at 24 h n= 43, 35, and 41 for control, 2 Gy, 10 Gy, respectively; 1.3 kPa substrate at 72 h n = 51, 54, 36 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 24 h n = 33, 46, and 60 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 72 h n = 18, 53, and 35 for control, 2 Gy, 10 Gy, respectively. (B) Statistical analysis: asterisks (*) refer to [image: image] at 24 h (blue) and 72 h (black) of MCF10A cell. Hash signs (#) to those of MDA-MB-231 cells. ***, ###P< 0.001. **, ##P< 0.01. *P< 0.05. NS not significant.
MDA-MB-231 cells showed a YAP ratio strongly higher than 1, indicating a substantial accumulation of YAP into the nucleus. Interestingly, the value of the ratio was not significantly varied passing from 1.3 to 13 kPa Young’s modulus. This phenomenon was already confirmed by other studies (Harvey et al., 2013; Piccolo et al., 2014) since it is proven that YAP is highly active in almost all tumour cells (Zanconato et al., 2016b). In fact, in both sparse and confluent conditions, the loss of E-cadherin-β-catenin complexes directly controls the nuclear localization of YAP in tumour cells, and specifically in MDA-MB-231 (Kim et al., 2011). After irradiation, YAP concentration decreased in a dose-related manner in both conditions, supporting the idea of a repression effect of radiation exposure on the activation of YAP signalling, as previously observed also in glioma cells (Xu et al., 2019). The values obtained from the analyses carried out 72 h after irradiation show that MDA-MB-231 cells reduced the values of [image: image] in all conditions, exhibiting identical ratios on both substrates and in both control and irradiated conditions.
3.2 Radiation effects on expression levels and activation status of YAP
The analysis of [image: image] gives information about the subcellular YAP concentration (predominantly nuclear or cytoplasmic) but does not provide details about nuclear and cytoplasmic YAP expression intensity. Then, the quantitative evaluation of both nuclear and cytoplasmic YAP density ([image: image], [image: image]) and the overall expression of nuclear and cytoplasmic YAP ([image: image], [image: image]), as indicated in the subsection 2.5, was performed.
If no dramatic effects were observed in the normalized values of N/C ratio ([image: image]), the analysis of both [image: image] and [image: image] indicates that the radiation exposure affected sensitively the healthy cells. In particular, 24 h after irradiation a slight reduction with the lower dose and a significant enhancement of [image: image] with the higher one (Supplementary Figure S3) were found, whereas [image: image] increased with both doses (Figure 3). However, all these effects were reversed or completely recovered after 72 h on the soft substrates, indicating a probable defensive role of the healthy tissue mechanical condition, as previously reported (Panzetta et al., 2020). On the other hand, cells seeded on the substrate that mimics the tumoral tissue mechanics were not affected by the lower radiation dose, while the booster dose continued to promote an accumulation process of YAP in the nucleus, even if a partial recovery was found.
[image: Figure 3]FIGURE 3 | (A) Box plots in which the mean value, the median, the interquartile, and the outliers of the YAP expression into the nucleus, [image: image], are shown. The values have been estimated for both cell lines 24 (top) and 72 h (bottom) after irradiation. MCF10A on: 1.3 kPa substrate at 24 h n = 50, 39, and 40 for control, 2 Gy, 10 Gy, respectively; 1.3 kPa substrate at 72 h n = 20 for control, 2 Gy, 10 Gy; 13 kPa at 24 h n = 48, 33, and 23 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 72 h n = 20 for control, 2 Gy, 10 Gy; MDA-MB-231 on: 1.3 kPa substrate at 24 h n= 43, 35, 41 for control, 2 Gy, 10 Gy, respectively; 1.3 kPa substrate at 72 h n = 51, 54, 36 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 24 h n = 33, 46, and 60 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 72 h n = 18, 53, and 35 for control, 2 Gy, 10 Gy, respectively. (B) Statistical analysis: Asterisks (*) refer to [image: image] at 24 h (blue) and 72 h (black) of MCF10A cell. Hash signs (#) to those of MDA-MB-231 cells. ***, ###P < 0.001. **, ##P < 0.01. NS not significant.
The tumoral cell line showed a substantial increase of [image: image] after the delivery of both doses on both polyacrylamide substrates. If the results discussed in the previous section suggest a translocation process of YAP from the nucleus to the cytoplasm in the tumour cells, the data reported in Figure 3 and Supplementary Figure 3 clearly indicate that the analysis of the only [image: image] could be partial and, eventually, misleading. The enhancement of [image: image] and [image: image] observed for both doses and both stiffnesses supports, in fact, previous results indicating that the radiation exposure promotes YAP activation on various tumour cells, by impairing and increasing nuclear localization (Fernandez-L et al., 2012; Zhang et al., 2019; Zhang et al., 2021).
At the same time, the analyses 24 h after the treatment, showed that X-rays radiation did not affect YAP concentration in the cell cytoplasm ([image: image]) when MCF10A cells are seeded on the softer substrate (Supplementary Figure S4), even if the overall expression of cytoplasmic YAP ([image: image]) increased in a manner (Figure 4). A different trend can be observed for cells seeded on the 13 kPa substrate. In fact, the delivery of the lower dose led to a significant decrease of [image: image], while the dose of 10 Gy affected cells by increasing both [image: image] and [image: image] (Figure 4, and Supplementary Figure S4). 3 days after radiation, the healthy cell line showed a significant decrease of [image: image], while on the 13 kPa substrate an opposite trend, with a dose-dependent increase in [image: image] was found.
[image: Figure 4]FIGURE 4 | (A) Box plots in which the mean value, the median, the interquartile, and the outliers of the YAP expression into the cytoplasm, [image: image], are shown. The values have been estimated for both cell lines 24 (top) and 72 h (bottom) after irradiation. MCF10A on: 1.3 kPa substrate at 24 h n = 50, 39, and 40 for control, 2 Gy, 10 Gy, respectively; 1.3 kPa substrate at 72 h n = 20 for control, 2 Gy, 10 Gy; 13 kPa at 24 h n = 48, 33, and 23 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 72 h n = 20 for control, 2 Gy, 10 Gy; MDA-MB-231 on: 1.3 kPa substrate at 24 h n= 43, 35, and 41 for control, 2 Gy, 10 Gy, respectively; 1.3 kPa substrate at 72 h n = 51, 54, and 36 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 24 h n = 33, 46, and 60 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 72 h n = 18, 53, and 35 for control, 2 Gy, 10 Gy, respectively.(B) Statistical analysis: Asterisks (*) refer to [image: image] at 24 h (blue) and 72 h (black) of MCF10A cell. Hash signs (#) to those of MDA-MB-231 cells. ***, ###P < 0.001. **P < 0.01. *, #P < 0.05. NS not significant. Subcellular YAP expression correlates with lamin A/C level.
On the other side, X-rays radiation affected tumour cells by increasing [image: image] and [image: image] on both substrates. The values resulted particularly augmented when cells were treated with the dose of 10 Gy for both time periods.
Taken together, these results indicate that, after the irradiation, the tumour cell line exhibits a profound and dose-dependent augmentation of both quote of phosphorylated ([image: image]) and dephosphorylated YAP ([image: image]). In general, it has been demonstrated that YAP silencing potentiates sensitivity of breast cancer cells to radiation therapy (Andrade et al., 2017) and that, on the contrary, the overall overexpression of YAP (here found particularly in cells irradiated with the booster dose and cultured on stiff substrates) might upregulate the expression levels of some anti-apoptosis genes, such as BCL2L1 and BIRC5, then decreasing progressively the apoptotic sensitivity of tumour cells (Lee and Yonehara 2012; Rosenbluh et al., 2012). However, as already reported, more than the whole expression level of YAP, its nucleo-cytoplasmic distribution effectively describes YAP activity regulated by upstream core components of the Hippo pathway (Piccolo et al., 2014). The coactivating transcriptional function of YAP, in fact, is restrained when the activation of the Hippo pathway produces its serine phosphorylation and the consequent cytoplasmic sequestration (Hansen et al., 2015). Taking this into account, the localization of YAP was quantified in terms of [image: image] in order to better define the effects of radiation on its activation status. On one hand, MDA-MB-231 maintained at 24 h the global [image: image] and [image: image] at similar values, as indicated by the unaltered value of [image: image], except on the soft substrate where the higher dose induced its significant reduction (Figure 5). On the other hand, the booster dose induced a global reduction of the same parameter after 72 h, even if not in a significant way on the stiffer substrate. Similarly, the healthy cell line manifested a substantial reduction of [image: image] on the stiff substrate after 24 h when irradiated with the higher dose, whereas at longer time this response was completely reversed with a dose-dependent increase of the same parameter on both substrates (Figure 5).
[image: Figure 5]FIGURE 5 | (A) Box plots in which the mean value, the median, the interquartile, and the outliers of the nuclear to cytoplasmic ratio of total YAP, [image: image], are shown. The values have been estimated for both cell lines 24 (top) and 72 h (bottom) after irradiation. MCF10A on: 1.3 kPa substrate at 24 h n = 50, 39, and 40 for control, 2 Gy, 10 Gy, respectively; 1.3 kPa substrate at 72 h n = 20 for control, 2 Gy, 10 Gy; 13 kPa at 24 h n = 48, 33, and 23 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 72 h n = 20 for control, 2 Gy, 10 Gy; MDA-MB-231 on: 1.3 kPa substrate at 24 h n= 43, 35, 41 for control, 2 Gy, 10 Gy, respectively; 1.3 kPa substrate at 72 h n = 51, 54, 36 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 24 h n = 33, 46, and 60 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 72 h n = 18, 53, and 35 for control, 2 Gy, 10 Gy, respectively. (B) Statistical analysis: Asterisks (*) refer to [image: image] at 24 h (blue) and 72 h (black) of MCF10A cell. Hash signs (#) to those of MDA-MB-231 cells. ***, ###P < 0.001. ##P < 0.01. *, #P < 0.05. NS not significant.
In late response to irradiation, the process of YAP sequestering in the nucleus of MCF10A or in the cytoplasm of MDA-MB-231 could be a mechanism by which cell growth or apoptosis are regulated. Dephosphorylation of YAP, that associates with its transportation in the nucleus, has been shown to reduce p73 binding and the consequent cell apoptosis downstream in breast cancer cells (Matallanas et al., 2007). However, other researches have revealed that phosphorylation of YAP in response to ionizing radiation might impede YAP functioning as co-activator of p73 to enhance proapoptotic genes, thereby contributing to cell protection (Strano et al., 2005; Levy et al., 2008) (Lapi et al., 2008).
3.3 Subcellular YAP expression correlates with lamin A/C level
A vast literature indicates the key role of nuclear deformability in mediating changes in YAP localization (Elosegui-Artola et al., 2017; Kalukula et al., 2022; Maremonti et al., 2022). It has been demonstrated, in fact, that cells with stiffer nuclei require greater contractile forces from the cytoskeleton to compress the nucleus and to evoke YAP shuttling from the cytoplasm to the nucleus (Koushki et al., 2020). On the other side, the key role of lamin A/C in regulating nuclear stiffness (Koushki et al., 2020) led us to question if the changes in YAP localization after irradiation can be correlated to variations in lamin A/C expression level (Figure 6). As shown in Figure 7, at short time the irradiation increased in a dose-dependent manner the lamin A/C expression in both cell lines and on both stiffnesses. At longer time, this response was completely reversed in the healthy cells and accompanied by the nuclear translocation of YAP. On the contrary, the higher levels of lamin A/C, together with the reduction of the nuclear localization of YAP (Figure 5), persisted in the tumour cells, when irradiated with the booster dose. These findings suggest that the variations of YAP n/c expression ratio could be ascribed to the effects that the irradiation can have on lamin A/C levels and, consequently, on the nuclear deformability.
[image: Figure 6]FIGURE 6 | Representative images of lamin A/C immunofluorescence in MCF10A (A–L) and MDA-MB-231 (M–X) are shown. Scale bar, 50 μm.
[image: Figure 7]FIGURE 7 | (A) Box plots in which the mean value, the median, the interquartile, and the outliers of the levels of lamin A/C expression are shown. The values have been estimated for both cell lines 24 (top) and 72 h (bottom) after irradiation. MCF10A on: 1.3 kPa substrate at 24 h n = 50, 40, and 42 for control, 2 Gy, 10 Gy, respectively; 1.3 kPa substrate at 72 h n = 89, 78, and 70 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 24 h n = 43, 41, 23 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 72 h n = 75, 83, and 63 for control, 2 Gy, 10 Gy, respectively; MDA-MB-231 on: 1.3 kPa substrate at 24 h n = 99, 42, and 33 for control, 2 Gy, 10 Gy, respectively; 1.3 kPa substrate at 72 h n = 22, 25, and 37 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 24 h n = 108, 40, and 37 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 72 h n = 22, 39, and 35 for control, 2 Gy, 10 Gy, respectively. (B) Statistical analysis: Asterisks (*) refer to lamin A/C at 24 h (blue) and 72 h (black) of MCF10A cell. Hash signs (#) to those of MDA-MB-231 cells. ***, ###P < 0.001. *P < 0.05. NS not significant.
4 CONCLUSION
In this study, two mammary cell lines, the healthy MCF10A and the cancerous MDA-MB-231, were employed to investigate the changes in the expression of the YAP protein before and after radiation treatment. Cells were irradiated with doses used in the conventional radiotherapy treatment, 2 and 10 Gy, and analysed 24 and 72 h after the treatment. Additionally, cells were seeded on polyacrylamide substrates with two different Young’s modulus, 1.3 and 13 kPa, that emulate the healthy and tumour tissue respectively, to evaluate the role of the ECM in this process.
Our results showed that X-ray irradiation affected in a significant way the levels of YAP expression, density, and localization in both cell lines. The early short time response (24 h) results to be transient in the healthy cells; in fact, MCF10A, after an overall increase of YAP level in both the nucleus and cytoplasm and on both substrates, reduced mostly the YAP expression in the cytoplasm by inducing a translocation process into the nucleus, dependent on both substrate stiffness and X-ray dose. Tumour cells responded similarly to the healthy ones at short time, but the effects of X-ray were completely reversed at 72 h in terms of subcellular localization, as indicated by the reduction of [image: image].
Since YAP works as a transcriptional co-activator, its localization into the nucleus before and after irradiation could have a different impact on subsequent cell behaviour. In particular, the reduced expression of YAP and its translocation into the nucleus could be a mechanism by which healthy cells protect themselves from apoptosis (Zhang et al., 2012) and control their growth (increased [image: image] associates also with growth process). On the other side, the YAP nuclear exclusion/reduction can result in a temporary confined inhibition of cell proliferation and invasion, as supported by previous findings (Panzetta et al., 2020; La Verde et al., 2021), but more importantly in a modulation of cell sensitivity to radiation (Tsujiura et al., 2014) that can be used in the design of doses and timing of subsequent radiation therapy.
These results can aid in obtaining a deeper knowledge of the role of the ECM and the effect of radiotherapy on both healthy and cancerous cells and in developing the diagnostic and therapeutical aspects of radiation therapy.
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 Ladoux, B., and Mège, R. M. (2017). Mechanobiology of collective cell behaviours. Nat. Rev. Mol. Cell. Biol. 18, 743–757. doi:10.1038/nrm.2017.98
 Lapi, E., Di Agostino, S., Donzelli, S., Gal, H., Domany, E., Rechavi, G., et al. (2008). PML, YAP, and p73 are components of a proapoptotic autoregulatory feedback loop. Mol. Cell. 32 (6), 803–814. doi:10.1016/j.molcel.2008.11.019
 Lee, K. K., and Yonehara, S. (2012). Identification of mechanism that couples multisite phosphorylation of yes-associated protein (YAP) with transcriptional coactivation and regulation of apoptosis. J. Biol. Chem.J Biol. Chem. 291287 (912), 9568–9578. doi:10.1074/jbc.M111.296954
 Levental, Kandice R., Yu, H., Kass, L., Lakins, J. N., Egeblad, M., Erler, J. T., et al. (2009). Matrix crosslinking forces tumor progression by enhancing integrin signaling. Cell. 1395, 891–906. doi:10.1016/j.cell.2009.10.027
 Levy, D., Adamovich, Y., Reuven, N., and Shaul, Y. (2008). Yap1 phosphorylation by c-Abl is a critical step in selective activation of proapoptotic genes in response to DNA damage. Mol. Cell. 29 (3), 350–361. doi:10.1016/j.molcel.2007.12.022
 Li, Q. S., Lee, G. Y., Ong, C. N., and Lim, C. T. (2008). AFM indentation study of breast cancer cells. Biochem. Biophys. Res. Commun. 374, 609–613. doi:10.1016/j.bbrc.2008.07.078
 Low, B. C., Pan, C. Q., Shivashankar, G. V., Bershadsky, A., Sudol, M., and Sheetz, M. (2014a). YAP/TAZ as mechanosensors and mechanotransducers in regulating organ size and tumor growth. FEBS Lett. 588, 2663–2670. doi:10.1016/j.febslet.2014.04.012
 Low, B. C., Pan, C. Q., Shivashankar, G. V., Bershadsky, A., Sudol, M., and Sheetz, M. (2014b). YAP/TAZ as mechanosensors and mechanotransducers in regulating organ size and tumor growth. FEBS Lett. 588 (16), 2663–2670. doi:10.1016/j.febslet.2014.04.012
 Maremonti, M. I., Panzetta, V., Dannhauser, D., Netti, P. A., and Causa, F. (2022). Wide-range viscoelastic compression forces in microfluidics to probe cell-dependent nuclear structural and mechanobiological responses. J. R. Soc. Interface 19 (189), 20210880. doi:10.1098/rsif.2021.0880
 Matallanas, D., Romano, D., Yee, K., Meissl, K., Kucerova, L., Piazzolla, D., et al. (2007). RASSF1A elicits apoptosis through an MST2 pathway directing proapoptotic transcription by the p73 tumor suppressor protein. Mol. Cell. 27 (6), 962–975. doi:10.1016/j.molcel.2007.08.008
 Nikkhah, M., Strobl, J. S., De Vita, R., and Agah, M. (2010). The cytoskeletal organization of breast carcinoma and fibroblast cells inside three dimensional (3-D) isotropic silicon microstructures. Biomaterials 31, 4552–4561. doi:10.1016/j.biomaterials.2010.02.034
 Nukuda, A., Sasaki, C., Ishihara, S., Mizutani, T., Nakamura, K., Ayabe, T., et al. (2015). Stiff substrates increase YAP-signaling-mediated matrix metalloproteinase-7 expression. Oncogenesis 4, e165. doi:10.1038/oncsis.2015.24
 Panciera, T., Azzolin, L., Cordenonsi, M., and Piccolo, S. (2017). Mechanobiology of YAP and TAZ in physiology and disease. Nat. Rev. Mol. Cell. Biol. 18 (12), 758–770. doi:10.1038/nrm.2017.87
 Panciera, T., Citron, A., Di Biagio, D., Battilana, G., Gandin, A., Giulitti, S., et al. (2020). Reprogramming normal cells into tumour precursors requires ECM stiffness and oncogene-mediated changes of cell mechanical properties. Nat. Mat. 19, 797–806. doi:10.1038/s41563-020-0615-x
 Panzetta, V., La Verde, G., Pugliese, M., Artiola, V., Arrichiello, C., Muto, P., et al. (2020). Adhesion and migration response to radiation therapy of mammary epithelial and adenocarcinoma cells interacting with different stiffness substrates. Cancers 12 (5), 1170. doi:10.3390/cancers12051170
 Panzetta, V., Musella, I., Rapa, I., Volante, M., Netti, P. A., and Fusco, S. (2017). Mechanical phenotyping of cells and extracellular matrix as grade and stage markers of lung tumor tissues. Acta Biomater. 57, 334–341. doi:10.1016/j.actbio.2017.05.002
 Piccolo, S., Dupont, S., and Cordenonsi, M. (2014). The biology of YAP/TAZ: Hippo signaling and beyond. Physiol. Rev. 94, 1287–1312. doi:10.1152/physrev.00005.2014
 Plodinec, M., Loparic, M., Monnier, C. A., Obermann, E. C., Zanetti-Dallenbach, R., Oertle, P., et al. (2012). The nanomechanical signature of breast cancer. Nat. Nanotechnol. 7, 757–765. doi:10.1038/nnano.2012.167
 Pocaterra, A., Romani, P., and Dupont, S. (2020). YAP/TAZ functions and their regulation at a glance. J. Cell. Sci. 133 (2), jcs230425. doi:10.1242/jcs.230425
 Rosenbluh, J., Nijhawan, D., Cox, A. G., Li, X., Neal, J., Schafer, E., et al. (2012). β-Catenin-Driven cancers require a YAP1 transcriptional complex for survival and tumorigenesis. Cell. 151 (7), 1457–1473. doi:10.1016/j.cell.2012.11.026
 Sinclair, W. K., and Fry, R. J. M. (1987). Mechanisms of radiation interaction with DNA: Potential implications for radiation protection. Radiat. Res. 112, 407–417. doi:10.2307/3577094
 Smith, C. A. (1987). DNA repair in specific sequences in mammalian cells. J. Cell. Sci. 6, 225–241. doi:10.1242/jcs.1984.supplement_6.16
 Stowers, R. S., Allen, S. C., Sanchez, K., Davis, C. L., Ebelt, N. D., Van Den Berg, C., et al. (2017). Extracellular matrix stiffening induces a malignant phenotypic transition in breast epithelial cells. Cell. Mol. Bioeng. 10, 114–123. doi:10.1007/s12195-016-0468-1
 Strano, S., Monti, O., Pediconi, N., Baccarini, A., Fontemaggi, G., Lapi, E., et al. (2005). The transcriptional coactivator yes-associated protein drives p73 gene-target specificity in response to DNA damage. Mol. Cell. 18 (4), 447–459. 429. doi:10.1016/j.molcel.2005.04.008
 Tsujiura, M., Mazack, V., Sudol, M., Kaspar, H. G., Nash, J., Carey, D. J., et al. (2014). Yes-associated protein (YAP) modulates oncogenic features and radiation sensitivity in endometrial cancer. PloS one 9 (6), e100974. doi:10.1371/journal.pone.0100974
 Ward, J. F. (1988). DNA damage produced by ionizing radiation in mammalian cells: Identities, mechanisms of formation and reparability. Prog. Nucleic Acid. Res. Mol. Biol. 35, 95–125. doi:10.1016/s0079-6603(08)60611-x
 Wei, S. C., Fattet, L., Tsai, J. H., Guo, Y., Pai, V. H., Majeski, H. E., et al. (2015). Matrix stiffness drives epithelial-mesenchymal transition and tumour metastasis through a TWIST1-G3BP2 mechanotransduction pathway. Nat. Cell. Biol. 17 (5), 678–688. doi:10.1038/ncb3157
 Xu, X., Chen, Y., Wang, X., and Mu, X. (2019). Role of Hippo/YAP signaling in irradiation-induced glioma cell apoptosis. Cancer Manag. Res. 11, 7577–7585. doi:10.2147/CMAR.S210825
 Yilmaz, M., and Christofori, G. (2009). EMT, the cytoskeleton, and cancer cell invasion. Cancer Metastasis Rev. 28, 15–33. doi:10.1007/s10555-008-9169-0
 Zanconato, F., Battilana, G., Cordenonsi, M., and Piccolo, S. (2016a). YAP/TAZ as therapeutic targets in cancer. Curr. Opin. Pharmacol. 29, 26–33. doi:10.1016/j.coph.2016.05.002
 Zanconato, F., Cordenonsi, M., and Piccolo, S. (2016b). YAP/TAZ at the roots of cancer. Cancer Cell. 29 (6), 783–803. doi:10.1016/j.ccell.2016.05.005
 Zanconato, F., Forcato, M., Battilana, G., Azzolin, L., Quaranta, E., Bodega, B., et al. (2015). Genome-wide association between YAP/TAZ/TEAD and AP-1 at enhancers drives oncogenic growth. Nat. Cell. Biol. 17, 1218–1227. doi:10.1038/ncb3216
 Zhang, H., Wu, S., and Xing, D. (2012). Inhibition of Aβ(25-35)-induced cell apoptosis by low-power-laser-irradiation (LPLI) through promoting Akt-dependent YAP cytoplasmic translocation. Cell. Signal. 24 (1), 224–232. doi:10.1016/j.cellsig.2011.09.004
 Zhang, L., Shi, H., Chen, H., Gong, A., Liu, Y., Song, L., et al. (2019). Dedifferentiation process driven by radiotherapy-induced HMGB1/TLR2/YAP/HIF-1α signaling enhances pancreatic cancer stemness. Cell. Death Dis. 10, 724. doi:10.1038/s41419-019-1956-8
 Zhang, Y., Wang, Y., Zhou, D., Wang, K., Wang, X., Wang, X., et al. (2021). Radiation-induced YAP activation confers glioma radioresistance via promoting FGF2 transcription and DNA damage repair. Oncogene 40 (27), 4580–4591. doi:10.1038/s41388-021-01878-3
 Zhao, B., Wei, X., Li, W., Udan, R. S., Yang, Q., Kim, J., et al. (2007). Inactivation of YAP oncoprotein by the Hippo pathway is involved in cell contact inhibition and tissue growth control. Genes. Dev. 21, 2747–2761. doi:10.1101/gad.1602907
 Zhao, B., Ye, X., Yu, J., Li, L., Li, W., Li, S., et al. (2008). TEAD mediates YAP-dependent gene induction and growth control. Genes. Dev. 22, 1962–1971. doi:10.1101/gad.1664408
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.
Copyright © 2022 La Verde, Artiola, Pugliese, La Commara, Arrichiello, Muto, Netti, Fusco and Panzetta. 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.
OPS/images/math_1.gif
[0





OPS/images/inline_9.gif
Ac





OPS/images/math_3.gif
o





OPS/images/math_2.gif
@





OPS/images/inline_34.gif





OPS/images/inline_33.gif
YN





OPS/images/inline_36.gif





OPS/images/inline_35.gif
YN





OPS/images/inline_30.gif
Y o





OPS/images/inline_3.gif
Y o





OPS/images/math_4.gif
@





OPS/images/inline_32.gif





OPS/images/inline_31.gif







OPS/images/inline_28.gif
Ye






OPS/images/inline_27.gif






OPS/images/inline_29.gif
YN





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





OPS/images/inline_57.gif
YN





OPS/images/inline_59.gif
Y nio





OPS/images/inline_58.gif
Y nio





OPS/images/inline_24.gif
C





OPS/images/inline_7.gif
YN





OPS/images/inline_23.gif
C





OPS/images/inline_63.gif
Y nio





OPS/images/inline_26.gif





OPS/images/inline_25.gif





OPS/images/inline_8.gif
Axn





OPS/images/inline_20.gif
Y nio





OPS/images/inline_60.gif
Ynie





OPS/images/inline_6.gif
Y cell





OPS/images/inline_22.gif





OPS/images/inline_62.gif
Y nio





OPS/images/inline_21.gif





OPS/images/inline_61.gif
Ynie





OPS/images/inline_18.gif
YN





OPS/images/inline_17.gif





OPS/images/inline_2.gif
YN





OPS/images/inline_19.gif
Y





OPS/images/inline_49.gif





OPS/images/inline_48.gif
Y o





OPS/images/inline_14.gif
YN





OPS/images/inline_54.gif
YN





OPS/xhtml/nav.xhtml
Contents

		Cover

		Radiation therapy affects YAP expression and intracellular localization by modulating lamin A/C levels in breast cancer		1 Introduction

		2 Materials and methods		2.1 Polyacrylamide substrate preparation

		2.2 Cell culture

		2.3 X-ray irradiation

		2.4 Immunofluorescence

		2.5 Confocal acquisition

		2.6 YAP analysis

		2.6 Lamin A/C analysis

		2.7 Statistical analysis





		3 Results and discussion		3.1 Radiation effects on nuclear to cytoplasmic YAP ratio density

		3.2 Radiation effects on expression levels and activation status of YAP

		3.3 Subcellular YAP expression correlates with lamin A/C level





		4 Conclusion

		Data availability statement

		Author contributions

		Publisher’s note

		Supplementary material

		References









OPS/images/inline_13.gif





OPS/images/inline_53.gif
Y o





OPS/images/inline_16.gif





OPS/images/inline_56.gif
Y o





OPS/images/inline_15.gif





OPS/images/inline_55.gif
Y nio





OPS/images/inline_50.gif





OPS/images/inline_5.gif
YN





OPS/images/inline_12.gif





OPS/images/inline_52.gif
Y o





OPS/images/inline_11.gif
Ye





OPS/images/inline_51.gif
Ye





OPS/images/inline_47.gif
Ye





OPS/images/crossmark.jpg
©

|





OPS/images/fbioe-10-969004-g005.gif





OPS/images/fbioe-10-969004-g006.gif





OPS/images/fbioe-10-969004-g003.gif





OPS/images/inline_39.gif





OPS/images/fbioe-10-969004-g004.gif





OPS/images/inline_10.gif





OPS/images/fbioe-10-969004-g007.gif





OPS/images/inline_1.gif





OPS/images/inline_44.gif
Y o





OPS/images/cover.jpg
, frontiers ‘ Frontiers in Bioengineering and Biotechnology

Radiation therapy affects YAP
expression and intracellular
localization by modulating
lamin A/C levels in breast cancer





OPS/images/inline_43.gif
Y o





OPS/images/inline_46.gif
Y o





OPS/images/inline_45.gif
Ye





OPS/images/fbioe-10-969004-g001.gif





OPS/images/inline_40.gif





OPS/images/fbioe-10-969004-g002.gif





OPS/images/inline_4.gif
Y cell





OPS/images/inline_42.gif
Ye





OPS/images/inline_41.gif
YN





OPS/images/inline_38.gif





OPS/images/inline_37.gif





