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Increasing evidence supports the notion that filamentous actin (F-actin) and globular actin exist in the nuclei of somatic cells, and are involved in chromatin remodeling, gene transcription regulation and DNA damage repair. However, the underlying mechanisms of how nuclear F-actin are polymerized in cells remain incompletely understood. Here, we identify potential kinase targets that participate in nuclear F-actin polymerization in ovarian cancer cells using small-molecule inhibitor library screening in combination with a deep learning approach. The analysis of the targets of the inhibitors used in this study suggest that the PI3K-AKT pathway are involved in regulating nuclear F-actin organization in ovarian cancer cells. Our work lays the foundation for uncovering the important roles of nuclear F-actin in the context of ovarian cancer, and for understanding how nuclear F-actin structures are organized.
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INTRODUCTION
Actin is one of the most abundant proteins in the cytoplasm of eukaryotic cells. The incorporation of globular actin monomer into polymers, referred to as filamentous actin (F-actin) polymerization, and depolymerization of F-actin are precisely regulated by a variety of actin binding proteins (ABPs), in response to internal or external stimuli (Pollard and Borisy, 2003; Pollard, 2016). The dynamics of F-actin in the cytoplasm play critical roles in a number of physiological events, including cell motility, cell division, and molecular transport. Despite the cytosolic F-actin being extensively studied, the roles of nuclear F-actin have only recently come under investigation.
Previous reports have noted nuclear F-actin organization in somatic cells using live cell imaging probes, which enable researchers to document the structure of the actin cytoskeleton in nuclei (Baarlink et al., 2013; Belin et al., 2015; Baarlink et al., 2017). Nuclear actin probes, especially the nAc (nuclear actin chromobody) probe, have been employed to directly investigate nuclear actin polymerization, and enable detailed analyses of nuclear F-actin architecture in different contexts (Baarlink et al., 2017; Melak et al., 2017). Involvement of nuclear F-actin has been reported in the modulation of gene transcription (Baarlink et al., 2013; Tsopoulidis et al., 2019), viral particle egress during virus infection (Ohkawa and Welch, 2018), and nuclear volume expansion for chromatin decondensation in mitotic exit (Baarlink et al., 2017). Nuclear F-actin also participates in DNA replication (Parisis et al., 2017), and promotes homology-directed DNA repair (HDR) together with motor protein myosins in the context of DNA damage induced by ionizing radiation or neocarzinostatin (NCS) treatment (Caridi et al., 2018; Schrank et al., 2018). However, whether these nuclear F-actin structures are of clinical significance is not yet known.
Ovarian cancer is the most lethal gynecological malignancy. The main treatment for advanced ovarian cancer is surgical cytoreduction followed by chemotherapy (Coleman et al., 2013; Bowtell et al., 2015). The chemotherapy drug of cisplatin or carboplatin, induces DNA damage and results in cell apoptosis in ovarian cancer. Despite an excellent initial response to chemotherapy, a large proportion of ovarian cancer patients are faced with tumour relapse. The underlying mechanisms of how ovarian cancer cells acquire resistance to chemotherapy remain incompletely understood. Given that nuclear F-actin is involved in DNA damage repair (Caridi et al., 2018; Schrank et al., 2018), it is particularly interesting to examine whether these structures play critical roles in ovarian cancer chemotherapy resistance. Before that, it should be the first step to investigate whether nuclear F-actin structures are detectable in ovarian cancer cells, which have not been reported yet.
Interestingly, the cofilin-bound actin filaments, named cofilin/actin rods, which are unable to be stained by phalloidin (Nishida et al., 1987; Matsuzaki et al., 1988; McGough et al., 1997), have been noted in several diseases. Nuclear cofilin/actin rods have been reported in Huntington’s disease and the irregular expression of the huntingtin protein stabilizes these nuclear F-actin structures (Munsie et al., 2011). In addition, the nuclear cofilin/actin rods are involved in a condition known as intranuclear rod myopathy (Domazetovska et al., 2007). These structures made of nuclear rods also exist in adenosquamous carcinoma cells of the axillary sweat glands (Fukuda et al., 1987). More research is needed to address whether the presence of nuclear cofilin/actin rods are universal in diseases, and whether nuclear F-actin structures differ between diseases.
Moreover, the detailed mechanisms of how nuclear F-actin identified by the nAc probe (Plessner et al., 2015; Baarlink et al., 2017) or nuclear cofilin/actin rods are polymerized remain incompletely understood. It has been reported that several actin binding proteins are involved in F-actin polymerization in the nuclei, which include myopodin, supervillin, espins, formin, and the Arp2/3 complex (Wulfkuhle et al., 1999; Weins et al., 2001; Goley et al., 2006; Loomis et al., 2006; Baarlink et al., 2013; Schrank et al., 2018; Tsopoulidis et al., 2019). MICAL2, which is responsible for redox modification of nuclear actin (Hung et al., 2011), regulates F-actin organization in the nuclei (Lundquist et al., 2014). However, how these factors are regulated by upstream signals has remained elusive.
In this study, we reveal that nuclear F-actin structures are present in ovarian cancer cell lines. Importantly, we further detect that nuclear F-actin exists in ovarian cancer cells in tissue sections. In addition, we identify potential kinase pathways involved in nuclear F-actin polymerization in ovarian cancer cells, using a high-throughput screening strategy in combination with a deep learning approach. These data will pave the way for understanding the roles of nuclear F-actin structures in the context of cancer disease.
MATERIALS AND METHODS
Cell Culture and Patient Sample
HEY and OC316 cell lines were obtained from Robert C. Bast lab in MD Anderson Cancer Centre. SKOV3 and OVCA432 cell lines were purchased from ATCC. All cells were cultured in RPMI1640 medium (Invitrogen), supplemented with 10% fetal bovine serum (Gibco), 1% penicillin-streptomycin (Gibco). The cell lines have been tested and confirmed without mycoplasma contamination. Fresh-frozen tumour sample was from the patient, who provided written informed consent for participation in the prospective biomarker validation study Gynecological Oncology Targeted Therapy Study 01 (GO-Target-01), under research ethics approval 11/SC/0014 by the South Central Berkshire Research Ethics Committee.
Spheroid Culture
10,000 SKOV3-Lifeact-citrine cells in 50 μl RPMI-1640 medium were dropped on the inside of a tissue culture plate lid and were turned upside down to hang the cells to grow. Sterile PBS was added to the plate to prevent evaporation of the cell droplet. 4 days later, the spheroids were fixed by 4% PFA, followed by DAPI. The images were acquired by Zeiss confocal microscopy equipped with a 63x oil objective.
Plasmid Construction, Lentivirus Packaging, and Transfection
The Actin-Chromobody (ChromoTek) fused with citrine (a fluorescent tag) and the nuclear localization signal (NLS, SV40 large T antigen), was cloned into the lentiviral expression vector pHR-SIN by MluI and NotI restriction enzyme sites, using the in-fusion cloning kit (Takara). This construct of pHR-SIN:nAc-citrine was generated for expression of nuclear actin probe nAc-citrine (nuclear Actin-Chromobody-citrine) in ovarian cancer cell lines. The lentiviral expression construct of pHR-SIN:Lifeact-citrine was a gift from Marco Fritzsche Lab at the University of Oxford. 2 μg pHR-SIN:nAc-citrine or pHR-SIN:Lifeact-citrine plasmids were packaged with 1 μg pVSVG and 1.5 μg delta 8.2 plasmids using Lipofectamine 3000 transfection reagent in HEK293T cells. Two days later, supernatant from the transfected HEK93T plate was filtered by 0.45 μm filters and then used for infecting different ovarian cancer cell lines.
High-Content Screening
A library comprising 1247 kinase inhibitors was purchased from TargetMol (Boston, MA, United States) and employed to screen the kinases that are involved in nuclear F-actin polymerization in ovarian cancer cells. 10,000 cells were seeded in a 96-well glass-bottom plate and 1 μM each kinase inhibitor was added in OVCA432 cell line stably expressing nAC-Citrine probe (OVCA432-nAC-Citrine). Twelve hours later, the cells were fixed with 4% paraformaldehyde (PFA) and mounted with anti-fade media containing DAPI. The glass-bottom plates were then read by an HCS machine from which we developed a screening condition that can recognize nuclear F-actin and calculate the frequency of nuclear F-actin containing cells within a vision. Those wells that were treated with kinase inhibitors were compared to the baseline wells which were only treated with DMSO to look for the kinase inhibitors that can decrease the frequency of nuclear F-actin in OVCA432-nAc-citrine.
Immunofluorescence Staining, Nuclear F-Actin Staining, and Confocal Microscopy
40,000 OVCA432-nAc-citrine cells per well were plated in a 96-well glass-bottom plate (Cellvis) and then fixed with 4% paraformaldehyde for 10 min at room temperature in the following day. The cells were permeabilized with 0.1% Triton-X in PBS for 10 min and then incubated with blocking buffer for 30 min, which comprised of 0.1% Triton-X in PBS and 10 mg/ml bovine serum albumin (Sigma). Next, cells were incubated with anti-Lamin A/C (ab108595, Abcam) antibody overnight and then with fluorescent secondary antibody (Alexa-fluor-568, Invitrogen) for 1 h at room temperature in the dark. For PAX8 staining against ovarian cancer patient-derived tumour cells, patient tumour section slides were employed for anti-PAX8 antibody (1F8-3A8, Thermo Fisher Scientific) incubation and then followed by the similar procedures mentioned above but incubated with fluorescent secondary antibody (Alexa-fluor-488, Invitrogen). Images were captured using the Zeiss confocal microscopy equipped with a 63x or 20x objective.
Ovarian cancer cells of OVCA-432-nAc-citrine were seeded at the density of 1 × 105 per well in a 96-well glass-bottom plate (Cellvis) for at least 6 h before fixed with cytoskeleton buffer (10 mM MES, 150 mM NaCl, 5 mM EGTA, 5 mM glucose and 5 mM MgCl2 at pH 6.1) + 0.1%Triton x100 + 0.25% glutaraldehyde. Wash the cells with PBS and treat them with cytoskeleton buffer +0.2% GA for 30 min. After that, wash the cells 4 times with 1 mg/ml NaBH4 in cytoskeleton buffer which was known to be able to reduce the background autofluorescence from aldehyde fixation. Wash the cells three times with PBS and stain the nuclear F-actin with 0.3 μM Rhodamine-Phalloidin overnight at 4°C. The next day, stain the cells with DAPI and mount them with anti-fade mounting medium (Prolong Gold) before subjected for spinning disc confocal microscopy.
Bulk Next-Generation RNA Sequencing
Total RNA from 6 × 105 OVCA 432 and OVCA 432-nAC-Citrine (each sample contained three biological replicates) were extracted with RNeasy Plus mini kit (Qiagen) and subjected for RNA quality control using Agilent Bioanalyzer 4200 (Agilent technologies). The QCed RNA was then used for library preparation and subsequent sequencing using Illumina HiSeq 4000 machine with paired end 150bp reading strategy (PE150) and data analyses conducted by Shanghai Biochip Co., LTD.
The Deep Learning Pipeline for Detecting Cells With Nuclear F-Actin
The deep learning model in this study was based on the 5th version of YOLO series and employed to identify total cells or the cells with nuclear F-actin using the improved convolutional neural network. This network structure was composed of three parts: Backbone for extracting the basic feature, Neck for utilizing the feature, and Output for Prediction. The image samples were annotated for nuclear F-actin detection training. During the model training process, the annotated data was divided into training and validation cohorts. The single-label detection was performed twice for total cells and cells with nuclear F-actin, respectively. This can avoid overfitting potentially caused by the difference in data size when predicting the cells with or without nuclear F-actin simultaneously.
Statistical Analysis
All experiments were repeated at least three times. Experimental data was depicted as mean ± standard deviation. Statistical analyses were conducted using GraphPad Prism software (version 9) and student t-test or one-way ANNOVA was used to compare different experimental groups.
RESULTS
Characterization of Nuclear F-Actin Structures in Ovarian Cancer Cells
We set out to investigate whether nuclear F-actin is present in cancer cells using ovarian cancer as a model. We generated a variety of ovarian cancer cell lines stably expressing nAc-citrine. nAc (nuclear actin chromobody), a nuclear actin binding probe extensively used to investigate nuclear F-actin (Belin et al., 2015; Plessner et al., 2015; Baarlink et al., 2017; Parisis et al., 2017; Lamm et al., 2020), was fused with the fluorescent tag citrine. Using this probe, we detected nuclear F-actin structures in ovarian cancer cell lines, of which the level of nuclear F-actin varies across different cell lines (Figures 1A–C). Notably, the frequency of nuclear F-actin structures in OVCA432-nAc-citrine cells reaches approximately 70% (Figure 1C). Other cell lines such as HEY-nAc-citrine, rarely displayed F-actin assembly in the nuclei (Figure 1C). The number, thickness, and length of nuclear actin filaments in the ovarian cancer cell line of OVCA432 were further analyzed (Supplementary Figure S1A–C). We obtained Z-stacked image followed by z-slice analysis to show that the strong green signal (nAc-citrine, indicating F-actin binding) was found within the DAPI staining area, confirming the intra-nuclear localization of the nAc-citrine bound F-actin (Figure 1D). Moreover, the lamin A/C staining indicated that F-actin structures did not extend out of the nuclear membrane (Figure 1E). These analyses demonstrated that F-actin assembly occurred in the nuclei of ovarian cancer cell lines. Importantly, the presence of nuclear F-actin was confirmed using phalloidin staining in the SKOV3 cell line in the absence of nAc-citrine expression (Figure 1F), indicating that the nuclear F-actin signals obtained were not an artifact of nAc-citrine tagging and/or ectopic expression. To examine whether the overexpression of nAc-citrine contributes to regulate gene expression in ovarian cancer cell lines, bulk RNA sequencing was performed to compare the transcriptional profiles between OVCA432-nAc-citrine and OVCA432 cells. The saturation analysis, which tells the coverage and depth of the sequencing across samples, showed that the OVCA432-nAc-citrine cells and OVCA432 cells had comparable curves (Supplementary Figure S1D), suggesting that these two cell lines had similar quality of total RNA. Meanwhile, there were very few differentially expressed genes between the cell line of OVCA432-nAc-citrine and OVCA432 (Supplementary Figure S1E), indicating that the overexpression of nAc-citrine unlikely remodels gene expression at a global level. This suggested that it is feasible to document nuclear F-actin structures in ovarian cancer cell lines using the nAc-citrine probe.
[image: Figure 1]FIGURE 1 | Characterization of nuclear F-actin structure in ovarian cancer cells. (A-B), OVCA432-nAc-citrine cells with nuclear F-actin structures. DAPI, blue. Green, nAc-citrine. A magnified image of the white rectangle is pictured in (B). Scale bar, 20 µm. (C), Proportion of cells with the presence of nuclear F-actin in ovarian cancer cell lines stably expressing nAc-citrine. The statistical analysis was performed using Graphpad Prism 9. The data was shown as mean ± s.e. ** p < 0.01 and *** p < 0.001.(D), Nuclear F-actin signal (green) within the nucleus of a representative cell of the OVCA432-nAc-citrine cell line obtained using confocal Z-stack scanning and ImageJ Reslice analysis. The bottom shows a cell without nuclear F-actin. Green, nAc-citrine. Blue, DAPI. Scale bar, 5 µm.(E), OVCA432-nAc-citrine cells stained for laminA/C (orange). Green, nAc-citrine. Blue, DAPI. Scale bar, 5 µm. (F), Nuclear F-actin in SKOV3 cells stained using rhodamine-phalloidin. SKOV3 cells were of no nAc-citrine expression. Scale bar, 10 µm. (G-H), Spheroids of SKOV3 cells stably expressing lifeact-citrine imaged after 4 days of spheroid growth. A magnified image of the white rectangle is pictured in (H). Green, lifeact-citrine. Blue, DAPI. Scale bar (in G), 20 µm. (I-J), F-actin staining for a frozen tumour section obtained from a high-grade serous ovarian cancer patient. Red, rhodamine-phalloidin. Blue, DAPI. The white rectangle area was magnified in J, showing a tumour cell stained for nuclear F-actin. Scale bar (in I), 10 µm. (K-L), Reslice algorithm of ImageJ was used to confirm the presence of nuclear F-actin within a patient tumour cell. K, Reslice analysis of a tumour cell (left panel) and rhodamine-phalloidin signal (red) in the nucleus (blue) (right panel). (L), negative control for Reslice analysis (left panel) and a cell without nuclear F-actin due to the absence of rhodamine-phalloidin signal (right panel). (M), Different views of an Imaris-modelled 3D image to visualize nuclear F-actin structures shown in J. Red, rhodamine-phalloidin. Blue, DAPI.
To further investigate nuclear F-actin organization in 3D cultures, we generated spheroids of SKOV3 cells, stably expressing lifeact that has been reported as a F-actin binding probe (Riedl et al., 2008) and fused with the fluorescent tag citrine. We detected prominent nuclear F-actin structures in this 3D culture (Figures 1G,H). To further characterize nuclear F-actin organization de novo, we performed live cell imaging and recorded F-actin dynamics in the nuclei of SKOV3-nAc-citrine cells, which revealed that the formation of nuclear F-actin structures was not transient (Supplementary Videos S1–S3).
The analysis of nuclear F-actin organization in ovarian cancer cell lines motivated us to check the presence of these structures in tumour cells derived from ovarian cancer patients. The presence of ovarian cancer cells in fresh-frozen tumour sections was confirmed using PAX8 immuno-fluorescence prior to nuclear F-actin staining (Supplementary Figure S2A). The representative images showed that nuclear F-actin was present in tumour cells from a high-grade serous ovarian cancer patient (Figures 1I,J), although these structures were not as organized and striking as those observed in ovarian cancer cell lines (Figures 1A,B). To further confirm the existence of this filamentous organization in the nucleus, we used the same z-slice analysis module of Fiji software and found that some of the red signal (phalloidin binding F-actin) localized in the blue area of DNA staining, suggesting that these F-actin structures were present within the nucleus (Figures 1K,L). To further examine the nuclear F-actin structures in the tumour cell, we employed Imaris to reconstruct a 3D model of the F-actin structures in the nucleus using a series of consecutive images with phalloidin staining, the representative ones of which were shown in Figure 1I,J. It was confirmed again that the F-actin organization was clearly observed within the nucleus (Figure 1M and Supplementary Video S4). Moreover, we noted these nuclear F-actin structures in the cancer cell using another tumour section of the same ovarian cancer patient (Supplementary Figure 2B–E).
Identifying Kinases that Regulate Nuclear F-Actin Assembly in Ovarian Cancer Cells
To dissect the mechanisms underlying nuclear F-actin polymerization in ovarian cancer cells, we focused on kinase targets. We were interested in kinases for the following reasons: 1) F-actin structures and dynamics are regulated by a variety of actin-binding proteins (ABPs) (Pollard and Borisy, 2003; Pollard, 2016) , which are subject to various post-translational modifications, including phosphorylation; 2) kinase activity can be directly inhibited by small molecules, which may be repurposed to drugs if kinase-mediated regulation of nuclear F-actin organization proves to be of clinical significance. Thus, we employed the commercial small-molecule inhibitors library TargetMol and High-Content Screening system (HCS) to search for the potential kinase targets that participate in nuclear F-actin organization in ovarian cancer cells. Since the OVCA432-nAc-citrine cell line has prominent F-actin structures in nuclei, we treated these cells with individual small kinase inhibitors from the TargetMol library, which contained 1247 small molecule inhibitors. The screening workflow was shown in Figure 2A.
[image: Figure 2]FIGURE 2 | High-throughput screening using a small molecule inhibitor library. (A), A schematic workflow showing the high-throughput screening performed in the OVCA432-nAc-citrine cell line, using TargetMol small molecule inhibitor library and high-content screening followed by a deep learning approach. (B), Representative images of OVCA432-nAc-citrine cells treated with 2.5 µM BMS3 to inhibit LIM kinases, or UM164 to inhibit Src and MAPK kinases. Cells were fixed and stained after 6 h inhibitor treatment. The images were captured using high-content screening. Green, nAc-citrine. Blue, DAPI. Scale bar, 20 µm. (C), The deep learning pipeline is composed of two steps: annotation of nuclear F-actin structures and detection of cells with the presence of nuclear F-actin. The output is shown as cells in which nuclear F-actin structures were detected.
OVCA432-nAc-citrine were treated with 1 μM individual inhibitor for 12 h, which was of less cytotoxicity to cells during the treatment. The TargetMol small inhibitor library includes a molecule named BMS3, which has been reported to target LIMK kinase (Ross-Macdonald et al., 2008). The previous study has shown that targeting LIMK kinases using the inhibitors, is able to decrease nuclear F-actin levels in U-2OS cells (27). Therefore, BMS3 was employed as a positive control in our high-throughput screening. The images were collected in a high-throughput manner. Briefly, we acquired 30 fields (images) per inhibitor treatment, which produced a substantial set of data of around 38, 000 images in total. The representative images were shown as Figure 2B, indicating that the small molecule of BMS3 and UM164 were able to inhibit nuclear F-actin polymerization in OVCA432-nAc-citrine cells.
Next, we developed a deep learning pipeline to profile OVCA432-nAc-citrine cells with nuclear F-actin, using an artificial intelligence framework (Figure 2C). This deep learning model used in this study was based on YOLOv5, which is the latest version of YOLO series (Redmon et al., 2016; Bochkovskiy et al., 2020). In this model, focus layer of the framework is employed to reduce the model’s weights. In the session of training and validating using the annotated cells (Figure 2C), it achieved precision rate of 0.958 and recall rate of 0.891 for total cell detection, and obtained precision rate of 0.917 and recall rate of 0.904 for detection of the cells with nuclear F-actin. Importantly, unannotated cells were randomly assigned for manual counting for total cells or cells with nuclear F-actin, and the result was in agreement with the deep learning model. Thus, this model is a feasible tool to support further image analysis at high-throughput level. Application of this model enabled us to identify the small molecule inhibitors which regulated nuclear F-actin organization in ovarian cancer cells (Figure 3A). We pooled the small molecule inhibitors which reduced the percentage of cells with nuclear F-actin more than 20%, or increased the percentage of cells with nuclear F-actin more than 15%. The kinase targets of these inhibitors were shown in Supplementary Figure S3A,B. We then performed KEGG pathway enrichment analysis using these kinase targets. This identified that PI3K-AKT may participate in nuclear F-actin organization in ovarian cancer cells (Figure 3B). To further confirm the involvement of PI3K-AKT pathway in regulating nuclear F-actin organization, we selected all the kinases that were characterized by the deep learning algorithm due to their effect on remodeling nuclear F-actin structures, 36 inhibitors were shown to be PI3K-AKT pathway related, in which 23 inhibitors had an effect on inhibiting nuclear F-actin polymerization whereas the other 13 inhibitors were shown to promote nuclear F-actin polymerization. We then treated OVCA432-nAc-citrine cells with these 36 inhibitors, together with DMSO as a negative control, and BMS3 as a positive control. The result clearly showed that 21 inhibitors from the down-regulation group, and 4 inhibitors from the up-regulation group had consistent effect on regulating nuclear F-actin organization (Figure 3C,D). Therefore, we were assured that PI3K-AKT pathway does have an important role to play in nuclear F-actin formation.
[image: Figure 3]FIGURE 3 | Identification of kinases that are involved in nuclear F-actin assembly in ovarian cancer cells. (A), Summary of the primary screen using 1247 compounds (small molecule inhibitors). The normalized values for OVCA432-nAc-citrine cells treated with individual inhibitors are shown. (B), KEGG analysis of proteins potentially targeted by the compounds, that reduce the percentage of cells with nuclear F-actin by more than 20%, or increase the percentage of cells with nuclear F-actin by more than 15%. (C), The effect of 36 inhibitors targeting PI3K-Akt pathway on nuclear F-actin proportion in OVCA432-nAc-citrine cells. BMS3 was used as a positive control. The orange circles and blue squares represent two biological replicates. (D), Representative images of OVCA432-nAc-citrine cells treated with DMSO, BMS3 or HG-9-91-01. Scale bar, 20 µm.
DISCUSSION
Most of previous studies investigating nuclear F-actin’s functions have solely been performed using 2D cell culture models. A better characterization of nuclear F-actin architecture in different contexts will ultimately contribute to more detailed analyses of biological roles of nuclear F-actin. Therefore, it is urgent, but also a challenge, to determine the roles of nuclear F-actin at the tissue level, as well as in diseases. In this study, we identified nuclear F-actin structures in ovarian cancer cell lines, spheroid cultures, and fresh-frozen ovarian cancer tumour sections. Importantly, we further revealed that the PI3K-AKT pathway is involved in nuclear F-actin organization in ovarian cancer cells by employing the approaches of high-throughput screening and deep learning. Our research paves the way for further characterization of biological functions and clinical significances of nuclear F-actin structures in the context of cancer diseases.
Despite an initial excellent response to platinum-based chemotherapy in ovarian cancer patients, most suffer tumour relapse within 3 years (du Bois et al., 2003; Ledermann et al., 2013). However, the underlying mechanisms of how this happens are incompletely understood. Previous pioneering studies have demonstrated that nuclear F-actin machinery promotes HDR in fly and mouse cells that have undergone DNA damage caused by ionizing radiation or neocarzinostatin (NCS) treatment (10, 11). But whether this is of clinical significance in ovarian cancer is not yet known. Thus, it would be the key to investigate whether nuclear F-actin polymerization occurs in ovarian cancer cells, which can be useful to uncover the important roles of nuclear F-actin in the context of ovarian cancer.
Our study identified striking nuclear F-actin structures in ovarian cancer cell lines (Figures 1A–C). To our surprise, these filamentous structures have remarkable longevity (Supplementary Videos S1–S3), in contrast to the transient filaments previously reported in other cell types (3–5). It is unlikely that this phenotype in ovarian cancer cell lines is due to an artifact caused by the nAc-citrine probes as: 1) the level of nuclear F-actin structures differs between ovarian cancer cell lines (Figures 1A–C); 2) the nuclear F-actin structure in ovarian cancer cells was confirmed using phalloidin staining (Figures 1A,F toxin which specifically binds to F-actin; 3) bulk RNAseq analysis identified a similar gene expression pattern between the OVCA432-nAc-citrine cell line and the OVCA432 cell line (Supplementary Figure S1D–E), indicating that stable expression of the nAc-citrine probe does not change gene profiling in ovarian cancer cell lines.
Importantly, we identified nuclear F-actin structures in patient-derived ovarian cancer cells (Figures 1I–M). Interestingly, we notice that nuclear F-actin in these cells is not as prominent as the one in culture models of ovarian cancer cell lines (Figure 1 A-B and F). We speculate that this may be due to the limitation of our current nuclear F-actin staining approach using phalloidin as it is a challenge to detect actin filaments in nuclei at the tissue level and it is likely that phalloidin is unable to bind and capture all the nuclear actin filaments at the tumour tissue level. Alternatively, these nuclear F-actin structures, present in the ovarian cancer cells of the fresh-frozen tumour section, may be similar as the nuclear cofilin-actin rods [15–17]. However, this needs to be further confirmed in more tumour sections from more ovarian cancer patients using immuno-fluorescent staining with anti-cofilin antibodies. The limitation of this study is the absence of functional analysis of nuclear F-actin in ovarian cancer cells, which should be conducted in the future. However, the investigation of spatial organization of nuclear F-actin in ovarian cancer cells in this study lays the foundation for further functional analysis of these structures in the context of cancer disease.
Although the existence of nuclear actin and nuclear F-actin has been established here and previous reports, the upstream signaling pathways that regulate nuclear F-actin organization are completely unknown. Our study identified potential kinases, which may be involved in nuclear F-actin organization in ovarian cancer cells. F-actin dynamics (polymerization and depolymerization) are precisely regulated by actin-binding proteins (ABPs) (Pollard, 2016; Pollard and Borisy, 2003). A large number of ABPs have been reported to coordinate F-actin orchestration in the cytoplasm. However, only a few of them have been proclaimed to regulate nuclear F-actin dynamics. In addition, it remains poorly understood whether nuclear ABPs are modified at post-translational level, e.g., by kinase-mediated phosphorylation. Thus, it is necessary to further characterize the roles of ABPs and their potential post-translational modification in tuning F-actin organization in nuclei. In this study, we identified that the PI3K-AKT pathway participates in the regulation of nuclear F-actin polymerization (Figure 3B). To our knowledge, this is the first study to uncover the kinome regulation of nuclear F-actin polymerization at a high-throughput screening level. This work lays the foundation for understanding the detailed roles and potential translational significance of nuclear F-actin in ovarian cancer. However, the detailed mechanisms of how these kinase pathways regulate nuclear F-actin assembly requires further investigation. In the future work, it would be very interesting to test whether kinases from the PI3K-AKT pathway contribute to phosphorylating any nuclear ABPs to orchestrate nuclear F-actin structures in ovarian cancer cells. On the other hand, it has been reported that inhibition of PI3K activity using specific inhibitors accelerated the export of nuclear actin monomer, and thus reduced its concentration in S1 cells (Spencer et al., 2011; Fiore et al., 2017). Since F-actin is assembled by actin monomer incorporation, it would be necessary to examine whether the nuclear F-actin polymerization mediated by PI3K-AKT pathway benefits from maintaining the pool of nuclear actin via PI3K pathway.
Taken together, our study uncovers the presence of F-actin in nuclei of ovarian cancer cell lines, and importantly, reveals the organization of nuclear F-actin in fresh-frozen tumour sections. The first-line treatment for ovarian cancer is cytoreductive surgery in combination with chemotherapeutic agents, including platinum-based drugs. Since platinum-based drugs interlink DNA bases to induce DNA damage in ovarian cancer cells, it would be particularly interesting to test whether nuclear F-actin is involved in DNA damage repair in ovarian cancer cells and whether these structures are of clinical significance in the context of ovarian cancer.
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REFERENCES
 Baarlink, C., Plessner, M., Sherrard, A., Morita, K., Misu, S., Virant, D., et al. (2017). A Transient Pool of Nuclear F-Actin at Mitotic Exit Controls Chromatin Organization. Nat. Cell Biol. 19 (12), 1389–1399. doi:10.1038/ncb3641
 Baarlink, C., Wang, H., and Grosse, R. (2013). Nuclear Actin Network Assembly by Formins Regulates the SRF Coactivator MAL. Science 340 (6134), 864–867. doi:10.1126/science.1235038
 Belin, B. J., Lee, T., and Mullins, R. D. (2015). DNA Damage Induces Nuclear Actin Filament Assembly by Formin -2 and Spire-½ that Promotes Efficient DNA Repair. [corrected]. Elife 4, e07735. doi:10.7554/eLife.07735
 Bochkovskiy, A., Wang, C. Y., and Liao, H. (2020). YOLOv4: Optimal Speed and Accuracy of Object Detection. doi:10.48550/arXiv.2004.10934
 Bowtell, D. D., Böhm, S., Ahmed, A. A., Aspuria, P.-J., Bast, R. C., Beral, V., et al. (2015). Rethinking Ovarian Cancer II: Reducing Mortality from High-Grade Serous Ovarian Cancer. Nat. Rev. Cancer 15 (11), 668–679. doi:10.1038/nrc4019
 Caridi, C. P., D’Agostino, C., Ryu, T., Zapotoczny, G., Delabaere, L., Li, X., et al. (2018). Nuclear F-Actin and Myosins Drive Relocalization of Heterochromatic Breaks. Nature 559 (7712), 54–60. doi:10.1038/s41586-018-0242-8
 Coleman, R. L., Monk, B. J., Sood, A. K., and Herzog, T. J. (2013). Latest Research and Treatment of Advanced-Stage Epithelial Ovarian Cancer. Nat. Rev. Clin. Oncol. 10 (4), 211–224. doi:10.1038/nrclinonc.2013.5
 Domazetovska, A., Ilkovski, B., Cooper, S. T., Ghoddusi, M., Hardeman, E. C., Minamide, L. S., et al. (2007). Mechanisms Underlying Intranuclear Rod Formation. Brain 130 (Pt 12), 3275–3284. doi:10.1093/brain/awm247
 du Bois, A., Luck, H. J., Meier, W., Adams, H. P., Mobus, V., Costa, S., et al. (2003). A Randomized Clinical Trial of Cisplatin/paclitaxel versus Carboplatin/paclitaxel as First-Line Treatment of Ovarian Cancer. CancerSpectrum Knowl. Environ. 95 (17), 1320–1329. doi:10.1093/jnci/djg036
 Fiore, A. P. Z. P., Spencer, V. A., Mori, H., Carvalho, H. F., Bissell, M. J., and Bruni-Cardoso, A. (2017). Laminin-111 and the Level of Nuclear Actin Regulate Epithelial Quiescence via Exportin-6. Cell Rep. 19 (10), 2102–2115. doi:10.1016/j.celrep.2017.05.050
 Fukuda, Y., Uchiyama, S., Masuda, Y., and Masugi, Y. (1987). Intranuclear Rod-Shaped Actin Filament Bundles in Poorly Differentiated Axillary Adenosquamous Cell Carcinoma. Cancer 60 (12), 2979–2984. doi:10.1002/1097-0142(19871215)60:12<2979::aid-cncr2820601221>3.0.co;2-y
 Goley, E. D., Ohkawa, T., Mancuso, J., Woodruff, J. B., D'Alessio, J. A., Cande, W. Z., et al. (2006). Dynamic Nuclear Actin Assembly by Arp2/3 Complex and a Baculovirus WASP-like Protein. Science 314 (5798), 464–467. doi:10.1126/science.1133348
 Hung, R.-J., Pak, C. W., and Terman, J. R. (2011). Direct Redox Regulation of F-Actin Assembly and Disassembly by Mical. Science 334 (6063), 1710–1713. doi:10.1126/science.1211956
 Lamm, N., Read, M. N., Nobis, M., Van Ly, D., Page, S. G., Masamsetti, V. P., et al. (2020). Nuclear F-Actin Counteracts Nuclear Deformation and Promotes Fork Repair during Replication Stress. Nat. Cell Biol. 22 (12), 1460–1470. doi:10.1038/s41556-020-00605-6
 Ledermann, J. A., Raja, F. A., Fotopoulou, C., Gonzalez-Martin, A., Colombo, N., Sessa, C., et al. (2013). Newly Diagnosed and Relapsed Epithelial Ovarian Carcinoma: ESMO Clinical Practice Guidelines for Diagnosis, Treatment and Follow-Up. Ann. Oncol. 24 (Suppl. 6), vi24–vi32. doi:10.1093/annonc/mdt333
 Loomis, P. A., Kelly, A. E., Zheng, L., Changyaleket, B., Sekerková, G., Mugnaini, E., et al. (2006). Targeted Wild-type and Jerker Espins Reveal a Novel, WH2-domain-dependent Way to Make Actin Bundles in Cells. J. Cell Sci. 119 (Pt 8), 1655–1665. doi:10.1242/jcs.02869
 Lundquist, M. R., Storaska, A. J., Liu, T.-C., Larsen, S. D., Evans, T., Neubig, R. R., et al. (2014). Redox Modification of Nuclear Actin by MICAL-2 Regulates SRF Signaling. Cell 156 (3), 563–576. doi:10.1016/j.cell.2013.12.035
 Matsuzaki, F., Matsumoto, S., Yahara, I., Yonezawa, N., Nishida, E., and Sakai, H. (1988). Cloning and Characterization of Porcine Brain Cofilin cDNA. Cofilin Contains the Nuclear Transport Signal Sequence. J. Biol. Chem. 263 (23), 11564–11568. doi:10.1016/s0021-9258(18)37996-1
 McGough, A., Pope, B., Chiu, W., and Weeds, A. (1997). Cofilin Changes the Twist of F-Actin: Implications for Actin Filament Dynamics and Cellular Function. J. Cell Biol. 138 (4), 771–781. doi:10.1083/jcb.138.4.771
 Melak, M., Plessner, M., and Grosse, R. (2017). Correction: Actin Visualization at a Glance. J. Cell Sci. 130 (9), 1688. doi:10.1242/jcs.204487
 Munsie, L., Caron, N., Atwal, R. S., Marsden, I., Wild, E. J., Bamburg, J. R., et al. (2011). Mutant Huntingtin Causes Defective Actin Remodeling during Stress: Defining a New Role for Transglutaminase 2 in Neurodegenerative Disease. Hum. Mol. Genet. 20 (10), 1937–1951. doi:10.1093/hmg/ddr075
 Nishida, E., Iida, K., Yonezawa, N., Koyasu, S., Yahara, I., and Sakai, H. (1987). Cofilin Is a Component of Intranuclear and Cytoplasmic Actin Rods Induced in Cultured Cells. Proc. Natl. Acad. Sci. U.S.A. 84 (15), 5262–5266. doi:10.1073/pnas.84.15.5262
 Ohkawa, T., and Welch, M. D. (2018). Baculovirus Actin-Based Motility Drives Nuclear Envelope Disruption and Nuclear Egress. Curr. Biol. 28 (13), 2153–2159. doi:10.1016/j.cub.2018.05.027
 Parisis, N., Krasinska, L., Harker, B., Urbach, S., Rossignol, M., Camasses, A., et al. (2017). Initiation of DNA Replication Requires Actin Dynamics and Formin Activity. EMBO J. 36 (21), 3212–3231. doi:10.15252/embj.201796585
 Plessner, M., Melak, M., Chinchilla, P., Baarlink, C., and Grosse, R. (2015). Nuclear F-Actin Formation and Reorganization upon Cell Spreading. J. Biol. Chem. 290 (18), 11209–11216. doi:10.1074/jbc.m114.627166
 Pollard, T. D. (2016). Actin and Actin-Binding Proteins. Cold Spring Harb. Perspect. Biol. 8 (8), ea018226. doi:10.1101/cshperspect.a018226
 Pollard, T. D., and Borisy, G. G. (2003). Cellular Motility Driven by Assembly and Disassembly of Actin Filaments. Cell 112 (4), 453–465. doi:10.1016/s0092-8674(03)00120-x
 Redmon, J., Divvala, S., Girshick, R., and Farhadi, A. (2016). You Only Look Once: Unified, Real-Time Object Detection. IEEE Conference on Computer Vision and Pattern Recognition (CVPR), 779–788. doi:10.1109/CVPR.2016.91
 Riedl, J., Crevenna, A. H., Kessenbrock, K., Yu, J. H., Neukirchen, D., Bista, M., et al. (2008). Lifeact: a Versatile Marker to Visualize F-Actin. Nat. Methods 5 (7), 605–607. doi:10.1038/nmeth.1220
 Ross-Macdonald, P., de Silva, H., Guo, Q., Xiao, H., Hung, C.-Y., Penhallow, B., et al. (2008). Identification of a Nonkinase Target Mediating Cytotoxicity of Novel Kinase Inhibitors. Mol. Cancer Ther. 7 (11), 3490–3498. doi:10.1158/1535-7163.mct-08-0826
 Schrank, B. R., Aparicio, T., Li, Y., Chang, W., Chait, B. T., Gundersen, G. G., et al. (2018). Nuclear ARP2/3 Drives DNA Break Clustering for Homology-Directed Repair. Nature 559 (7712), 61–66. doi:10.1038/s41586-018-0237-5
 Spencer, V. A., Costes, S., Inman, J. L., Xu, R., Chen, J., Hendzel, M. J., et al. (2011). Depletion of Nuclear Actin Is a Key Mediator of Quiescence in Epithelial Cells. J. Cell Sci. 124 (Pt 1), 123–132. doi:10.1242/jcs.073197
 Tsopoulidis, N., Kaw, S., Laketa, V., Kutscheidt, S., Baarlink, C., Stolp, B., et al. (2019). T Cell Receptor-Triggered Nuclear Actin Network Formation Drives CD4+ T Cell Effector Functions. Sci. Immunol. 4 (31), 1987. doi:10.1126/sciimmunol.aav1987
 Weins, A., Schwarz, K., Faul, C., Barisoni, L., Linke, W. A., and Mundel, P. (2001). Differentiation- and Stress-dependent Nuclear Cytoplasmic Redistribution of Myopodin, a Novel Actin-Bundling Protein. J. Cell Biol. 155 (3), 393–404. doi:10.1083/jcb.200012039
 Wulfkuhle, J. D., Donina, I. E., Stark, N. H., Pope, R. K., Pestonjamasp, K. N., Niswonger, M. L., et al. (1999). Domain Analysis of Supervillin, an F-Actin Bundling Plasma Membrane Protein with Functional Nuclear Localization Signals. J. Cell Sci. 112 ( Pt 13) (Pt 13), 2125–2136. doi:10.1242/jcs.112.13.2125
Conflict of Interest: AA is a founder of Singula Bio Ltd.
The remaining 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 Wu, Xing, Wang, Feng, Wietek, Chong, El-Sahhar, Ahmed, Zang and Zheng. 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/fcell-10-869531-g003.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Investigation of the Potential Mechanisms Underlying Nuclear F-Actin Organization in Ovarian Cancer Cells by High-Throughput Screening in Combination With Deep Learning		Introduction

		Materials and Methods		Cell Culture and Patient Sample

		Spheroid Culture

		Plasmid Construction, Lentivirus Packaging, and Transfection

		High-Content Screening

		Immunofluorescence Staining, Nuclear F-Actin Staining, and Confocal Microscopy

		Bulk Next-Generation RNA Sequencing

		The Deep Learning Pipeline for Detecting Cells With Nuclear F-Actin

		Statistical Analysis





		Results		Characterization of Nuclear F-Actin Structures in Ovarian Cancer Cells

		Identifying Kinases that Regulate Nuclear F-Actin Assembly in Ovarian Cancer Cells





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
? frontiers | Frontiers in Cell and Developmental Biology

Investigation of the Potential
Mechanisms Underlying Nuclear
F-Actin Organization in Ovarian
Cancer Cells by High-Throughput
Screening in Combination With
Deep Learning





OPS/images/fcell-10-869531-g001.gif





OPS/images/fcell-10-869531-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





