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Abstract

:

Simple Summary


Studies from our group and others have established Kindlin-2 that is expressed in the cancer cells as a major driver of tumor progression and metastasis in breast cancer (BC). The role of Kindlin-2 that is expressed in the mammary glands (tumor microenvironment) in the pathogenesis of BC has, however, not been investigated. To this end, we generated a mouse strain that specifically lacks expression of Kindlin-2 in the basal cells within the mouse mammary glands. Loss of Kindlin-2 in this mammary gland compartment, while having no effect on mouse development, significantly inhibited BC tumors growth and metastasis when these Kindlin-2-deficient mice were challenged with mammary fat pad injection of cancer cells. At the molecular signaling level, we found that Kindlin-2 plays a significant role in regulating BC progression and metastasis in both the cancer cells and the tumor microenvironment (mammary epithelial cells) downstream of a TGF-β/EGF signaling axis.




Abstract


Breast cancer (BC) is one of the leading causes of cancer-related deaths due in part to its invasive and metastatic properties. Kindlin-2 (FERMT2) is associated with the pathogenesis of several cancers. Although the role of Kindlin-2 in regulating the invasion-metastasis cascade in BC is widely documented, its function in BC initiation and progression remains to be fully elucidated. Accordingly, we generated a floxed mouse strain by targeting the Fermt2 (K2lox/lox) locus, followed by tissue-specific deletion of Kindlin-2 in the myoepithelial compartment of the mammary glands by crossing the K2lox/lox mice with K14-Cre mice. Loss of Kindlin-2 in mammary epithelial cells (MECs) showed no deleterious effects on mammary gland development, fertility, and lactation in mice bearing Kindlin-2-deletion. However, in a syngeneic mouse model of BC, mammary gland, specific knockout of Kindlin-2 inhibited the growth and metastasis of murine E0771 BC cells inoculated into the mammary fat pads. However, injecting the E0771 cells into the lateral tail vein of Kindlin-2-deleted mice had no effect on tumor colonization in the lungs, thereby establishing a critical role of MEC Kindlin-2 in supporting BC tumor growth and metastasis. Mechanistically, we found the MEC Kindlin-2-mediated inhibition of tumor growth and metastasis is accomplished through its regulation of the TGF-β/ERK MAP kinase signaling axis. Thus, Kindlin-2 within the mammary gland microenvironment facilitates the progression and metastasis of BC.
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1. Introduction


Kindlin-2 belongs to a three-member FERM domain protein family (Kindlin-1-3), which are encoded by the FERMT1-3 genes. The human FERMT1 gene (Kindlin-1) is located on chromosome 20p12.3, while its murine orthologue Fermt1 maps to mouse chromosome 2. Human FERMT2 (Kindlin-2) is located on chromosome 14q22.1, and mouse Fermt2 maps to chromosome 14. Finally, the human FERMT3 gene (Kindlin-3) maps to chromosome 11q13.1 and its murine counterpart is located on chromosome 19. Each of the three mammalian Kindlins contains a FERM domain composed of F1, F2, and F3 subdomains preceded by a F0 subdomain, and is distinguished from other FERM proteins by the presence of a PH domain that splits the F2 subdomain. Together with other lipid-binding subdomains, the PH domain facilitates targeting of Kindlins to membranes [1,2] and the interactions and activation of integrins [3,4]. While the DNA sequences of the three Kindlin family members are more than 50% identical [3,5,6], each has distinct functions. Kindlin-1 and -3 appear to have evolved from duplication of a primordial Kindlin-2 gene, which retained the ancestral features of the FERMT genes. Variable sequence regions that are interspersed among conserved regions may be responsible for imparting the distinct functions to the Kindlins [7]. In mouse studies, global genome inactivation of the Kindlin-2 gene leads to embryonic lethality as early as day 7.5 as a result of defects in heart development [6,8,9,10] and blood-vessel formation and integrity [11,12], as well as lesions in osteogenesis [13]. On the other hand, postnatal deletion of Kindlin-2 is associated with fibrosis, delayed wound healing, angiogenic defects, and heart rupture [14]. Interestingly, hemizygous deletion of Kindlin-2 in mice supports normal development and an absence of an overt phenotype, but when these mice are challenged (e.g., by aortic constriction), defects become apparent in K2+/− mice attributable to defective activation of certain integrins [11], support of clathrin-dependent cell surface receptor recycling and hemostasis [15], and maintenance of vascular integrity, a consequence of disorganization of adherens junctions [16]. Deficiencies of K1 and K3 also have profound pathological consequences. For instance, K1-deficiency gives rise to a skin-fragility disorder called Kindler Syndrome, while K3-deficiency results in LAD III and a susceptibility to bleeding, infections, and bone abnormalities [6,8,17,18,19].



Recently, targeted inactivation of Kindlin-2 expression has been shown to inhibit carcinoma cell migration, invasion, and metastasis in several cancers of epithelial origin (reviewed in [20,21,22]). Our published studies established that Kindlin-2 can promote the invasion-metastasis cascade in breast cancer (BC) by controlling several hallmarks of cancer [20,21,23,24,25]. We have also shown that Kindlin-2 in cancer cells plays a major role in regulating the interactions between BC tumors and their microenvironment [25]. However, the relative contribution of Kindlin-2 during mammary gland development, as well as during the malignant transformation of mammary epithelial cells and their eventual progression to metastasis, remains to be elucidated. Here, we used a CRISPR/Cas9-based editing strategy to generate a floxed mouse in the Fermt2 (K2lox/lox) locus, followed by tissue-specific deletion of Kindlin-2 in basal cells of mouse mammary glands by crossing the K2lox/lox mice with K14-Cre mice, a widely used model to achieve gene deletion in mammary epithelial cells. Loss of Kindlin-2 in the mammary glands had no effect on the development of mammary glands, nor did it affect fertility or lactation of mice bearing the K2-deletion phenotype and their progeny. However, in a syngeneic mouse model of BC, we showed that conditional loss of Kindlin-2 in mammary epithelial cells significantly inhibited tumor growth and metastasis when E0771 mouse BC cancer cells were inoculated in the mammary fat pads. Further, we demonstrated that inhibition of tumor growth in the primary site was specific to the loss of Kindlin-2 expression in mammary glands since injection of the E0771 cells via the tail veins showed no difference in lung and liver metastasis between Kindlin-2-deleted and wild-type mice. Mechanistically, we showed that loss of Kindlin-2 in the mammary epithelial cells inhibited both TGF-β and EGF signaling.




2. Materials and Methods


2.1. Ethics Statement


This study used C57BL/6J mice to generate the Kindlin-2 floxed mice. The K14-Cre mice (B6N.Cg-Tg(KRT14-Cre)1Amc/J; Stock number 018964) were purchased from Jackson Laboratory (Farmington, CT, USA). For the mammary gland inoculation and tail-vein injection of E0771 cells, we used 6- to 8-week-old female C57BL/6J mice, also purchased from Jackson Laboratory. All animal procedures were performed in accordance with the guidelines and regulations set and approved by the MetroHealth System, Cleveland Clinic, and NIH.




2.2. Cell Lines and Reagents


E0771 BC cells were obtained from American Type Culture Collection (ATCC) and maintained according the manufacturer’s protocols. The HML2 cells were kindly provided by Drs. Pollard and Kitamura [26]. The HML2 cell line was derived from the E0771 cells by serial propagation of the E0771-derived tumors in recipient mice [26]. Cells were also routinely authenticated by STR DNA fingerprinting analysis. Kindlin-2-KO cells were generated by lentiviral transduction using CRISPR/Cas9 gene editing as described [23,24,25]. We used two independent and verified Kindlin-2-specific sgRNAs for each of the human and mouse Kindlin-2 and a scrambled sgRNA (i.e., nonsilencing sgRNA, [23,24,25]). Loss of Kindlin-2 expression was verified by Western blot. For stimulation of cells with growth factors, cells were serum starved in serum-free DMEM growth medium without antibiotics overnight. The next day, the cells were stimulated with either 100 ng/mL EGF (Millipore) or 5 ng/mL TGF-β for 30 min. EGFR inhibitor ZD1839 and TGF-β receptor inhibitor SB431542 were obtained from SelleckChem and used at a concentration of 10 µM for 2 h. Gel electrophoresis reagents were from Bio-Rad.




2.3. Generation of the Fermt2 Conditional Knockout Mouse Strain


The Fermt2 floxed mouse was generated by Applied StemCell using CRISPR/Cas9 gene editing and homologous recombination strategies. The step-by-step procedure is detailed in the reports provided by the company (File S1) and is summarized in Figure 1. Sequence and list of the sgRNAs are shown in File S1, and the genotyping primers are shown in Table 1. DNA preparation, PCR amplification, and agarose gel electrophoresis were performed using standard procedures.




2.4. Primary Tumor Growth and Metastasis Assays


Parental cells transfected with scrambled sgRNA (Control) or Kindlin-2-deficient E0771 cells (100,000 cells per mouse, n = 5) were implanted into the mammary fat pads in both sides (n = 10 tumors) of female C57BL/6J mice. Tumor growth was followed by twice-weekly monitoring of tumor volume with digital Vernier calipers. For the lung colonization assay, cells (100,000) suspended in 0.15 mL of sterile PBS were injected using a 28-gauge needle into a tail vein of six- to eight-weeks-old female C57BL/6J mice. Mice were sacrificed 5 weeks later, and the recovered lungs were fixed with 4% paraformaldehyde. Lung metastasis nodules were counted visually under a magnifying glass, and the results were plotted as the average number of metastatic foci per lobe.




2.5. Mammary Glands Whole Mounts


Mammary glands were isolated from the fourth inguinal glands, dissected at the indicated gestational periods, and spread on a glass slide. After fixation for 24 h in Carnoy’s fixative, the tissues were stained in carmine alum overnight [27]. Slides were then dehydrated, cleared in xylene for 5 days, and mounted in Permount mounting medium (Fisher Chemical). The mammary gland branches and the terminal end buds of the mammary glands were quantified using ImageJ software.




2.6. Isolation of Mammary Epithelial Cells


Mammary epithelial cells (MECs) were isolated from mammary glands of the wild-type and K2-KO mice as per the company’s guidelines (Stemcell Technologies, Inc., Vancouver, BC, Canada). In brief, the whole mammary glands were aseptically resected and transferred to the dissociation solution containing 1 part of Gentle Collagenase/Hyaluronidase (Catalog #07919) and 9 parts of complete EpiCult-B Medium (Mouse) supplemented with rh EGF (Catalog #02633), rh bFGF (Catalog #02634), and Heparin (Catalog #07980) and 10% FBS, overnight in a 37 °C water bath. Dissociated tissues were then centrifuged 350× g for 5 min and the pellets were resuspended in a 1:4 mixture of cold Hanks’ Balanced Salt Solution Modified (Catalog #37150) supplemented with 2% FBS and Ammonium Chloride Solution (Catalog #07800) and centrifuged at 350× g for 5 min. The resultant pellets containing epithelial cell organoids as well as stromal cells and lymphocytes were subjected to a further treatment to generate a single-cell suspension of mammary epithelial cells. The pellets were treated with pre-warmed Trypsin-EDTA followed by repeated pipetting for 1–3 min. 10 mL of cold Hanks’ Balanced Salt Solution Modified (Catalog #37150) supplemented with 2% FBS was added to the dissociated pellet and centrifuged at 350× g for 5 min. The resultant pellets were resuspended with pre-warmed Dispase (5 U/mL; Catalog #07913) and 200 µL of DNase I Solution (1 mg/mL; Catalog #07900) followed by repeated pipetting for 1 min. The cell suspension was further diluted with an additional 10 mL of the Hanks’ + FBS solution and filtered through a 40-µm Cell Strainer (Catalog #27305) into a new 50-mL centrifuge tube and later centrifuged at 350× g for 5 min. The pellet-containing mouse mammary epithelial cells were seeded into a culture dish in complete EpiCult-B Medium (Mouse) supplemented with rh EGF (Catalog #02633), rh bFGF (Catalog #02634) and Heparin (Catalog #07980), and 10% FBS. After 24 h the culture medium was replaced with serum-free Complete EpiCult™-B Medium (Mouse) containing cytokines. The MECs were further sub-cultured, reseeded, and frozen for further use.




2.7. Immunofluorescence Assays and Confocal Microscopy Analyses


For immunofluorescence, mammary epithelial cells were transferred no later than 24 h before the experiment onto No. 1.5 coverslips (Electron Microscopy Sciences, Hatfield, PA, USA, catalog # 72222-01), precoated with 0.01% poly-L-Lysine (Sigma-Aldrich, catalog # 259688-63-0). Cell cultures were maintained at 37 °C in a humidified incubator in an atmosphere of 5% CO2. For immunofluorescence, cells were processed as previously described [28,29]. In brief, MECs were fixed with 4% paraformaldehyde in PBS for 20 min at room temperature followed by three PBS washes. The cells were then permeabilized with 0.5% Triton in PBS for 10 min followed by three PBS washes. Next, the cells were blocked with 5% donkey serum (Jackson ImmunoResearch Laboratories, INC, West Grove, PA, USA, catalog # 017-000-121) for 60 min and stained with primary antibodies diluted in donkey serum overnight at 4 °C. The following day, the cells were washed with PBS and stained with the secondary antibodies for 1–2 h at room temperature, washed again, and mounted on slides using the ProLong Gold antifade reagent with DAPI (Invitrogen, catalog # P36931). The following antibodies were used. Mouse mAb against Kindlin-2 (1:200, Millipore Sigma, Burlington, MA, USA, catalog # MAB2617); mouse mAb against cytokeratin 14 (1:100, Invitrogen, Waltham, MA, USA, catalog # MA5-11599), rabbit mAbs against cytokeratin-14 (1:1000, Abcam, Cambridge, UK, catalog # ab181595), and against cytokeratin 8 (1:100, Abcam, Cambridge, UK, catalog # ab53280). Donkey anti-Mouse IgG (H+L) Secondary Antibody, Alexa Fluor 594-conjugated (1:2000) and Donkey anti-rabbit IgG (H+L) Secondary Antibody, Alexa Fluor 488 (1:2000) were from Invitrogen. For Confocal Microscopy analyses, images were collected with a Leica DM5500 CS using LAS X software by Leica microsystems. Images were captured with a 40× oil immersion objective lens. True magnifications are indicated in the figures by scale bars. Imaging data sets were exported to ImageJ software where montages of representative data were generated.




2.8. Three-Dimensional Tumorsphere Growth and Invasion Assays


The 3D tumorsphere cultures for both single and multisphere growth as well as tumorsphere invasion were performed as previously described [30,31]. Briefly, for 3D single-spheroid formation, E0771 cells or their derivatives were seeded in a 96-well ultra-low attachment (ULA) plate at a density of 1.5 × 103 cells per well and centrifuged for 10 min at 125× g at room temperature. The plate was then incubated at 37 °C and imaged at day 3 and day 7 with a Leica DMi1 microscope to monitor the 3D single spheroid formation. For 3D spheroid invasion, E0771 cells or their derivatives were seeded in a 96-well ULA plate at a density of 1.5 × 103 cells per well and centrifuged for 10 min at 125× g at room temperature. For assessing for the invasive potential of the spheroids, 3 days post-formation of tumorsphere, each well was supplemented with 90 µL Matrigel (1:1 in complete culture medium) on top. The plate was then incubated at 37 °C and imaged at day 3 and day 7 with a Leica DMi1 microscope to monitor the 3D spheroid invasion. For 3D multi-spheroid formation, a 6-well plate was coated with polyhema overnight to allow polymerization. The following day, cells were plated at a density of 2 × 103 on each precoated well and imaged every 72 h for 11 days to monitor multi-spheroid formation with a Leica DMi1 microscope.




2.9. Antibodies


The following primary antibodies used for Western Blot analyses were from Cell Signaling technology, at a dilution of (1:1000): rabbit anti pERK1/2, rabbit anti ERK1/2, rabbit anti Keratin 5. Rabbit anti Kindlin-1 (1:1000), mouse anti Kindlin-2 (1:1000), and rabbit anti Kindlin-3 (1:1000) were obtained from ProCsi, and rabbit anti-pSMAD3 (1:1000) and rabbit anti-SMAD3 (1:1000) were obtained from Abcam; mouse anti-Vimentin (1:2000) was obtained from BD Pharmingen, and mouse monoclonal anti β-actin was obtained from Sigma-Aldrich (1:5000). Secondary antibodies—goat horseradish-peroxidase-conjugated anti-mouse IgG and goat horseradish-peroxidase-conjugated anti-rabbit IgG (1:2000)—were ordered from BioRad. The antibodies were dissolved to a working concentration either in 5% BSA (primary antibodies) or 5% Non-Fat Dry Milk (secondary antibodies).




2.10. Statistical Analyses


Experiments were performed in triplicate and analyzed using the Student’s t-test. In calculating two-tailed significance levels for equality of means, equal variances were assumed for the two populations. Results were considered significant at p < 0.05.





3. Results


3.1. Generation of the Fermt2 Floxed Mouse


The Fermt2 floxed mouse was generated by Applied StemCell Inc using CRISPR/Cas9 and a homologous recombination repair-mediated gene editing strategy as described in Figure 1. A mixture of a 5′ sgRNA + 5′ ssOND that targets intron 1, and a 3′ sgRNA + 3′ ssOND that targets intron 14, along with Cas9 (Figure 1A), was injected into C57BL/6 embryos, and the embryos were subsequently implanted into C57BL/6 pseudo-pregnant foster mothers. The resulting pups were genotyped for insertion of the loxP sequences at the desired location by PCR analyses using the PCR amplification of both the 5′ Flox and the 3′Flox amplicons (Figure 1B,C). The correct insertion of the loxP sequence resulted in a PCR product that was 34-bp larger than the wild-type sequence at the 5′ (Figure 1B) and 3′ (Figure 1C) insertion sites. The resultant PCR products were also sequenced for further validation. Mice with both 5′ loxP and 3′ loxP sites were crossed with K14-Cre mice to generate tissue-specific deletion of Fermt2.




3.2. Tissue Specific Deletion of Fermt2 in Mammary Glands


To generate mice with targeted deletion of Kindlin-2 in mammary epithelial cells, the K2lox/lox mice were crossed with K14-Cre mice (B6N.Cg-Tg(KRT14-cre)1Amc/J mouse strain) from The Jackson Laboratory (Stock #018964), where Cre recombinase is expressed in the basal cell lineage of the mammary epithelium. Our choice of the K14-Cre mice to target the basal mammary epithelial cell lineage stems from data supporting the association of Kindlin-2 with the basal subtype of breast cancer [23,24,25]. Genomic PCR genotyping (Figure 2A) and sequencing (Figure 2B) confirmed the successful deletion of the genomic DNA sequence between intron 1 and intron 14 of the Fermt2 gene from DNA extracted from mammary glands of K2−−/K14 mice. In the genotyping PCR reaction, a 404-bp band would only be amplified when the Cre recombination takes place between the 5′ and 3′ LoxP sites (Figure 1A). When this 404 bp PCR product was purified and sequenced, “fusion” of intron 1 with intron 14 was clearly seen as a result of the Cre recombinase-mediated deletion of the entire genomic sequence between intron 1 and intron 14 of the Fermt2 gene (Figure 2B). Next, we used Western Blot analyses to assess expression levels of Kindlin-2 in the mammary glands of wild-type K2lox/lox and K2−−/K14 mice and found a ~50% decrease in Kindlin-2 expression levels in mammary glands of K2−−/K14 mice, compared with the wild-type mice, while no changes in Kindlin-2 levels were observed in the mammary glands of K2lox/lox mice (Figure 2C). On the other hand, no changes in Kindlin-2 expression levels were observed in the brains of all three mouse strains, where K14-Cre would have no effect on the Fermt2 gene expression (Figure 2D). Specific deletion of the Fermt2 gene and the subsequent loss of expression of Kindlin-2 in the mammary glands was further confirmed in mammary epithelial cells isolated from mammary glands of wild-type, K2-floxed, or K2−/− mice (Figure 2E,F). First, we observed no changes in expression levels of Kindlin-2 in the mammary epithelial cells of wild-type and K2-floxed mice (Figure 2E). This observation demonstrates that insertion of the loxP sites in the Fermt2 locus had no effect on the expression of Kindlin-2. Of note, our published studies have shown that Kindlin-2 is involved in the regulation of the epithelial to mesenchymal transition (EMT) process [24]. Accordingly, here, we showed that, in the purified mammary epithelial cells of K2−/− mice, in addition to loss of expression of Kindlin-2, both Vimentin and K5 Keratin, two EMT markers, were also reduced by ~50% in mammary glands of K2−/− mice (Figure 2F). We further confirmed the loss of Kindlin-2 in the K2−/− MECs using RT-PCR of cDNA generated from mRNA isolated from either MECS of K2+/+ or K2−/− mice, and a primer pair flanking exon 1 (K2-EX1F) and exon 15 (K2-Ex15R) to generate a ~500 bp RT-PCR product only in the K2−/− MECs (Figure S1A). A PCR product could not be detected in the WT-MECs since the length of the Kindlin-2 cDNA sequence to be amplified in the WT-MECs was more than 2200 bp, which was beyond the sensitivity of our RT-PCR setting. Sequencing of the ~500 bp RT-PCR product from the K2−/− MECs (Figure S1B) showed a clear fusion junction between Exon 1 and Exon 15 of the Kindlin-2 transcript, which resulted in a premature stop codon after a continuous reading of seven additional amino acids in Exon 15 (Figure S1C). The resulting translated protein was 59-amino acid long and had a predicted molecular weight of ~7 kDa. We also used immunofluorescence analyses to confirm that Kindlin-2 was specifically deleted in the basal (K14-Cre driven deletion) mammary epithelial lineage (Figure 2G,H). In mammary epithelial cells isolated from wildtype mice, Kindlin-2 could be found in cells expressing the basal marker (K14) (Figure 2G, upper panel) as well as the cells expressing the luminal marker (K8) (Figure 2H, upper panel). However, in the mammary epithelial cells isolated from the mammary glands of K2−/− mice, Kindlin-2 could only be found in cells expressing K8 (Figure 2H; lower panel), but not K14-expressing MECs (Figure 2G, lower panel). Together, these findings confirmed the loss of expression of Kindlin-2 in the basal cell population in the mammary glands.




3.3. Loss of Kindlin-2 in Basal Mammary Epithelial Cells Has No Deleterious Effects on Mammary Gland Development, Mouse Development and Fertility


When the Kindlin-2lox/lox mice were crossed with the K14-Cre mice, they produced litters of similar size and number compared to those obtained with wild-type mice, and did not show any signs of defects in development and fertility. Since our study is focused on the role of Kindlin-2 in breast cancer development, we focused our evaluation on mammary glands and assessed whole mounts of mammary glands at different stages of development and gestation (Figure 3A). We did not observe any obvious phenotypic differences between mammary glands of wild-type, K2lox/lox, and K2−/− in 7-week-old virgin and 2-week-old pregnant and lactating mice. We also did not find any significant differences in the number of mammary gland branches (Figure 3B) and terminal-end buds (Figure 3C). Thus, our data suggested that neither floxing the Kindlin-2 locus nor deletion of Kindlin-2 in the mammary epithelial cells has any overt effect on normal mammary gland development and function.




3.4. Loss of Kindlin-2 Inhibits the Oncogenic Behavior of E0771 TNBC Cells In Vitro and In Vivo


In this study, we used the C57BL/6J mouse strain to generate Kindlin-2-deficient mice in mammary epithelial cells with the ultimate goal of assessing the consequences of mammary gland-specific knockout of Kindlin-2 on breast cancer development and metastasis. To undertake these analyses, a syngeneic breast cancer cell line model that is compatible with the C57BL/6J genetic background was needed. The only model that is currently available is the E0771 cell line, which also exhibits characteristics of triple-negative BC cells [32,33]. When injected into the mammary fat pads of C57BL/6j mice, E0771 cells rapidly establish very aggressive tumors that metastasize to the lungs and liver as early as two weeks after injection [26]. Likewise, E0771 cells are also highly proficient in colonizing the lungs of mice following their inoculation into the lateral tail vein [26]. The prominent role of Kindlin-2 in migration and invasion of cancer cells of multiple origins including breast cancer cells [24,25] is well established. In view of the value of E0771 cells as a syngeneic model of TNBC, we sought to determine whether Kindlin-2 plays an important role in the oncogenic activities of E0771 BC cells. Accordingly, we established E0771 derivatives with stable knockout of Kindlin-2 using CRISPR/Cas9-mediated gene editing (Figure 4A). Two different sgRNAs targeting two different exons of Fermt2 [23,24,25] were used to establish two independent pools of Kindlin-2-knockout cell population (K2-KO-1 and K2-KO-2), each displaying >90% decrease in Kindlin-2 expression levels (Figure 4A). A scrambled sgRNA (Control-sg), i.e., nonsilencing sgRNA, [23,24,25], was used a control. First, it was important to evaluate whether loss of Kindlin-2 expression affected cell proliferation. No effect was seen over a four-day period in comparing the two K2-KO pools to the parental E0771 cells (Figure 4B). We used 3-dimensional (3D) tumorsphere growth and invasion assays to assess the role of loss of Kindlin-2 in E0771 cell growth and invasion in 3D conditions. We found loss of Kindlin-2 (K2-KO) in E0771 cells significantly (p < 0.001) inhibited the number (Figure 4C,D) and size (Figure 4E,F) of resulting tumorspheres as compared with the parental cells. Additionally, we found loss of Kindlin-2 expression significantly (p < 0.001) inhibited Matrigel invasion of E0771 cells (Figure 4G,H). Therefore, our findings establish the involvement of Kindlin-2 in specific oncogenic behaviors of E0771 breast cancer cells in vitro.



Next, we assessed the effects of loss of Kindlin-2 in E0771 cells on tumor growth in vivo. Mammary fat pads of wildtype (WT-B6) or K2−/− (K2−/− B6) C57BL/6 mice were inoculated with either parental (E-Ctl) or K2-KO (E-K2-KO) E0771 derivatives, and tumor growth was assessed over 4 weeks. Every mouse in the control (E-Ctl) group developed tumors in all injection sites, and in both the wild-type (WT B6) and the K2-deficient K2−/− B6) mice (100% tumor incidence; Figure 5A,C). A ∼4-day latency was observed before tumors developed in both groups (Figure 5B,C). Tumor incidence in the E0771-K2KO group (E-K2-KO), on the other hand, remained high (90%), although tumor latency extended from a period of 7 days in wild-type mice (WT B6) to 11 days in K2−/− mice (Figure 5A,B). Tumor burden (tumor volume) was also significantly lower (p < 0.001) in wild-type mice implanted with the Kindlin-2-deficient cells as compared with their control counterparts (Figure 5D, compare black graph to red graph). The same observation was noted for the K2−/− mice that developed smaller tumors (p < 0.001) when injected with K2-KO E0771 cells when compared with the same mice injected with the parental E0771 controls (Figure 5D, compare blue graph to green graph). Thus, loss of Kindlin-2 inhibited the rate of primary tumor growth in vivo in our E0771 TNBC murine syngeneic model. When assessing the effect of loss of Kindlin-2 in mammary glands on tumor growth of E0771 cells, a significant (p < 0.001) reduction in tumor growth (Figure 5D, compare black graph to blue graph) was found when parental E0771 (E-Ctl) cells were injected in the mammary fat pads of K2-deficient (K2--B6) mice as compared to wild-type (WT B6) mice injected with the control E0771 cells. We also found a loss of Kindlin-2 in E0771 cells inhibited tumor growth when injected in the mammary fat pads of mice with K2-deficient mammary glands compared with wild-type mice (Figure 5D, compare red graph to green graph). Thus, double knockout of Kindlin-2 in both the cancer cells and the mammary glands has a more profound inhibitory effect on tumor growth than Kindlin-2 knockout in either cancer cells or mammary glands, separately, further supporting the regulatory role of Kindlin-2 in both cancer cells and in the tumor microenvironment. These findings were replicated with the more aggressive HML2 cells (Figure 5E). The HML2 cells were derived from E0771 through serial passaging in mice and have higher metastatic potential than the parental E0771 cells [26]. The K2-deficient (K2−/−) mice injected with HML2 cells developed significantly smaller tumors (p < 0.001) as compared with wild-type mice (Figure 5D), thereby reinforcing the oncogenic activities of K2 in a second syngeneic mouse model of TNBC. Even though HML2 cells were derived from the E0771 cells, and do not represent a true independent replicate, they still provide a second confirmatory cell model for our tumor growth assay. To further confirm the role of mammary gland Kindlin-2 in the regulation of the growth of the primary breast cancer tumors, we bypassed the primary tumor site (mammary glands) and injected the E0771 cells or their K2-deficient derivatives directly into the tail veins of either wild-type or K2−/− mice (Figure 5F). We found the lung metastasis burden was significantly (p < 0.001) higher in the mice injected with the parental E0771 (E-Ctl) cells as compared with their K2-KO derivatives, regardless of K2 status in the mammary gland (Figure 5F, compare black and blue bars to red and green bars). However, we found no significant difference in lung metastasis colonization between the K2-deficient and the wild-type mice when injected with E0771 cells with similar K2 genetic status (Figure 5F, compare black graph to blue graph for parental E0771 cells, and red graph to green graph to K2-KO E0771 cells). These data further support the notion that loss of Kindlin-2 in the mammary glands contributes to the inhibition of tumor growth in the primary site, and support a critical role of Kindlin-2, not only in the cancer cells but also in the epithelial cells of the mammary gland in tumor development.




3.5. Kindlin-2 Regulates the TGF-β/EGF Signaling Axis in MECs to Support Breast Cancer Tumor Growth in Mammary Glands


Our previously published study [25] showed that Kindlin-2 in tumor cells was involved in the regulation of the CSF1/EGF oncogenic loop, downstream of TGF-β, to activate growth and metastasis of TNBC tumors in mice. The extent to which Kindlin-2 within mammary epithelial cells is also involved in the regulation of the oncogenic TGF-β/EGF signaling axis is, however, not known. Accordingly, we used Western Blot analysis to show that loss of Kindlin-2 in the K2−/− MECs resulted in a significant (p < 0.01) reduction of pSMAD3 and pERK1/2 as downstream effectors of TGF-β and EGF, respectively (Figure 6A). These results mirror those obtained in the MDA-MB-231 and 4T1 TNBC cells [25]. To further confirm Kindlin-2 involvement in mammary epithelial cells to regulate tumor growth, we isolated mammary epithelial cells from wild-type or K2-deficient mice and treated them with either TGF-β (Figure 6B) or EGF (Figure 6C), and subsequently measured their activation of either SMAD3 (Figure 6B) or ERK1/2 (Figure 6C), respectively. In the TGF-β-treated MECs, pSMAD3 levels were 2.4-fold lower in the K2-deficient MECS as compared with their wild-type counterparts (Figure 6C). Similarly, pERK levels were 3-fold lower in the K2-deficient MECs after treatment with EGF as compared with their wild-type counterparts (Figure 6C). Treatment with TGF-β or EGF signaling inhibitors (SB4131542 and ZD1839, respectively) blocked the activation of their respective downstream effectors (Figure 6B,C), further supporting the Kindlin-2-mediated regulation of the TGF-β/EGF signaling axis role in mammary glands. We also found both EGF and TGFβ signaling to be significantly lower in the tumors derived from E0771 (Figure 6D–F) and HML2 (Figure 6G–I) when injected in K2−/− mice as compared with their wild-type counterparts, further supporting our in vitro findings with in vivo data. Together, our data showed that Kindlin-2, in both the tumor cells and the tumor microenvironment (MECs), is required for the regulation of the TGF-β/EGF signaling axis and subsequent activation of tumor growth.





4. Discussion


Several independent studies, including those from our group, have demonstrated the critical role Kindlin-2 plays in cancer progression and metastasis (reviewed in [20,21,22]). These studies involved manipulation of Kindlin-2 expression levels using siRNA, shRNA, and CRISPR/Cas9 gene editing, thereby assessing its oncogenic activities both in vitro analyses and in vivo [23,24,25,34,35]. The in vitro studies have proven to be very useful in identifying, characterizing, and evaluating molecular mechanisms whereby Kindlin-2 is involved in regulating cancer cell proliferation, migration, and invasion. These in vitro studies were supported by mouse models of tumor progression and metastasis in xenograft studies using the genetically manipulated cells. Together, these studies have identified Kindlin-2 as a major player in the regulation of the invasion-metastasis cascade, both in the cancer cells as well as in the tumor microenvironment [13,25]. It should be noted, however, that these studies consistently showed that loss of Kindlin-2 function does not lead to total elimination of invasion and metastasis, possibly because both shRNA knockdown and CRISPR/Cas9-mediated knockout used in these studies did not result in complete loss of Kindlin-2 expression in the cancer cells. Therefore, we posited that the residual K2 expression in cancer cells may have been responsible for not eliminating metastasis completely. Accordingly, we sought to investigate the effect of loss of Kindlin-2 expression in mammary glands development and malignant transformation. Since homozygous deletion of mouse Fermt2 results in embryonic lethality, we implemented a floxed mouse strategy and crossed these mice with a tissue-specific K14-Cre mouse strain, where Cre recombinase is preferably expressed in tissues and cells with high levels of K14 Keratin, which is also highly expressed in the basal subtype of mammary epithelial cells.



Loss of expression of Kindlin-2 in the basal subtype of mammary epithelial cells did not have any appreciable effects on normal mammary gland development and ductal expansion during distinct stages of development, e.g., virgin, pregnancy, and post-partum (Figure 3). Fertility was also not affected, since pups were delivered at the expected ratio and exhibited a normal developmental pattern as compared with their WT counterparts. Loss of Kindlin-2 in the mammary glands did, however, have a significant inhibitory effect on tumor growth and metastasis. This inhibitory effect may be specific to the loss of expression of Kindlin-2 in the mammary glands since injecting tumor cells via tail veins and thereby bypassing critical steps of the invasion-metastasis cascade failed to impact the overall burden of lung metastasis between the WT mice and their Kindlin-2-deficient counterparts. It is, however, very important to note that K14 is also expressed in the lungs as well as in other tissues such as the esophagus, tongue, thymus, and even the skin. Indeed, our genotyping analyses showed that crossing the K2 floxed mice with the Cre-K14 mice resulted in targeting K2 in these tissues as well, but this targeting was very minimal and had no effect on the normal development of mice bearing the transgenic K2 deletion. On the other hand, since K14 is also expressed in the lungs, this possibly may have influenced lung metastasis in the K2-targeting using the K14-Cre mice. However, our data in Figure 5 showed no difference in lung metastasis between WT and K2-deficient mice when injected with the same cells (parental or K2-KO E0771 cells).



While our syngeneic orthotopic model showed Kindlin-2 in MECs was critical in BC cancer progression and metastasis, it remains to be seen whether this effect would be maintained in mouse models that develop BC spontaneously, such as the MMTV-PyMT [36], MMTV-Myc [37] and MMTV-Wnt1 [38] models. Our long-term investigations will test the effect of loss of Kindlin-2 on tumor growth and metastasis in such spontaneous mouse models.



TGF-β signaling plays both anti- and pro-tumorigenic roles in breast cancer as well as in other tumor types [39,40]. In physiological conditions, TGF-β is essential in maintaining tissue homeostasis by inducing cell cycle arrest, differentiation, apoptosis, and preserving genomic stability, functioning as an anticancer agent that inhibits uncontrolled cell proliferation. This anti-tumor activity of TGF-β can still be observed in early stages of cancer [39,40]. However, in advanced stages of tumor development, the cytostatic function of TGF-β transits from a suppressor of tumor formation to a promoter of tumor growth, invasion, and metastasis, referred to as the TGF-β Paradox [40,41]. Several studies have now demonstrated an interrelationship between Kindlin-2 and TGF-β in physiological conditions [13,42,43,44] as well as in pathological settings, including tumor progression and metastasis ([24,25,45] and renal fibrosis [46]). Our study [25] identified a Kindlin-2/TGF-β/CSF-1 signaling axis, whereby TGF-β signaling modulates cancer cell Kindlin-2-mediated regulation of a CSF-1/EGF autocrine and paracrine oncogenic loop that regulates the crosstalk between cancer cells and type 2 tumorigenic macrophages to promote growth and metastasis of BC tumors. Surprisingly, our findings seem to involve Kindlin-2 in mammary epithelial cells in a similar Kindlin-2/TGF-β/EGF signaling axis, where loss of Kindlin-2 in MECs also inhibited the downstream effectors of both TGF-β (pSMAD2/3) and EGF (pERK1/2). Stimulation of the K2-deficient mammary epithelial cells with either TGF-β or EGF was not able to restore their respective activities to levels seen in the wild-type MECs (Figure 6). Thus, our data support the role of Kindlin-2 in both cancer cells (4T1, MDA-MB-231 [24,25], and E0771 and HML2 BC cells, present study) and the tumor microenvironment (MECs), which suggests that a potential successful treatment of BC may require a dual targeting of Kindlin-2 and/or its downstream signaling in both the tumor and the tumor microenvironment. Notably, targeting of K2 in mammary epithelial cells did not affect mammary gland development or function.



The present study showed the utility of the floxed Kindlin-2 mice to demonstrate the role of Kindlin-2 expressed in mammary epithelial cells in BC progression and metastasis. Because of the involvement of Kindlin-2 in the pathogenicity of other cancers, this new reagent may prove to be very useful in future investigations. In fact, our published studies have shown that Kindlin-2 regulates sensitivity to chemotherapeutics in prostate cancer [34]. The floxed Fermt2 strain, therefore, provides a unique opportunity to investigate the role of Kindlin-2 in other cancer models such as the transgenic adenocarcinoma of the mouse prostate (TRAMP) model for prostate cancer. Our ongoing studies (unpublished data) have already used this mouse strain to investigate the role of Kindlin-2 in vascular cell types.
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Figure 1. Generation of the Fermt2 floxed mouse. (A) Genomic structure of the mouse Fermt2 locus (upper panel), showing the exons and introns (not to scale). Floxed Fermt2 was generated using CRISPR/Cas9 gene editing and homologous recombination to insert loxp sites (red triangles) in intron 1 and intron 14 (middle panel) using a 5′sgRNA.ssODN and a 3′sgRNA.ssODN (small guide RNA.single-stranded oligodeoxynucleotide donors), respectively. Oligonucleotide primer pairs 5′-Flox F&R and 3′-Flox F&R (dark arrows) were used for genotyping the ear snips using standard PCR assays to generate the PCR products with the expected sizes. Crossing of the Fermt2 Floxed mouse with a mouse expressing Cre recombinase led to the deletion of the genomic sequence between the two loxp sites, resulting in a PCR product of ~404 bp (lower panel). (B,C) Representative agarose gel pictograms showing the PCR products of ear snip DNA from wildtype (K2+/+), floxed Fermt2 (K2lox/lox), and heterozygous (K2lox/+) mice using the 5′-Flox F&R (B) and the 3′-Flox F&R (C) primer pairs. The expected size of the PCR products is shown. Uncropped PCR agarose gels are shown in Figure S2. Sequences of the sgRNAs and ssODNs are described in File S1 and sequences of the genotyping primers are listed in Table 1. 
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Figure 2. Tissue-specific deletion of Fermt2 in mammary glands. (A) Representative agarose gel pictograms of the PCR products of DNA isolated from the mammary glands of wild-type (K2+/+) and K2-deficient mice (K2−−/K14) after crossing of the K2-Floxed mice with the K14-Cre mice. Only the K2−−/K14 mice show the ~404 bp PCR product, using the K2-del F&R primers, was amplified after deletion of the genomic sequence between Exon 1 and 14 (Figure 1A). (B) Sanger sequencing of the ~404 bp PCR product confirms the K2 intron 1 and intron 14 junction, separated by the Loxp site. (C,D) Representative Western blots of protein lysates probed with the indicated antibodies show loss of expression of Kindlin-2 (K2), Vimentin (Vim), and Keratin 5 (K5) in the mammary glands of K2−−/K14 mice, but not in those of wildtype and K2-floxed mice (C), while no change in K2 expression in all three mouse stains was observed when brain lysates were assessed (D). (E,F) Representative Western blots of protein lysates of mammary epithelial cells isolated from mammary glands of three different wild-type (WT) and three different K2lox/lox (K2-Floxed) mice (E) and from mammary glands of two different wild-type (WT) and two different K2−−/K14 (K2−/−) mice (F), and probed with antibodies as indicated. β-Actin was used as loading control. The numbers under the WB bands represent the fold reduction of the signal with respect to the WT band after normalization to the β-Actin signal. Detailed information about the Western blotting can be found in Figure S3. (G,H) Representative confocal microscopy images of immunofluorescence staining of MECs isolated from mammary glands of wild-type or K2-deficient (K2−/−) mice. In Figure 2G, MECs were co-stained with anti-Kindlin-2 (red) or anti K14 (green) antibodies; in Figure 2H, MECs were co-stained with anti-Kindlin-2 (red) and anti-K8 (green) antibodies. DAPI (blue) was used to stain nuclei. Scale bar, 50 µm. 
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Figure 3. Loss of Kindlin-2 in the basal mammary epithelial cells has no deleterious effects on mammary gland development. (A) Whole mounts of mammary glands from wild-type (WT), K2-floxed (K2lox/lox), and K2-deficient mice (K2−/−) at the indicated gestational stages. Scale bar, 3 mm. (B) Quantification of the mammary gland branches from the 7-week-old virgin mice. (C) Quantification of the terminal end buds of mammary glands from the 2-week-old pregnant mice. ImageJ software was used for quantifications. Data are the means ± SD (n = 3, ns, not significant; Student’s t-test). 
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Figure 4. Loss of Kindlin-2 inhibits the oncogenic behavior of E0771 TNBC cells in vitro. (A) Representative Western blots of protein lysates developed with anti-Kindlin-2 antibody from E0771 cells transduced with a scrambled sgRNA (Control-sg), Kindlin-2 sgRNA-1 (K2-KO-1), or Kindlin-2 sgRNA-1 (K2-KO-2). β-Actin is a loading control. (B) Cell proliferation over 4 days. Data are the means ± SD (n = 3, ns, not significant; Student’s t-test). (C) Representative micrographs of parental E0771 and its K2-KO derivatives induced to form tumorspheres in the multiple-sphere formation assay. Scale bar, 40 µm. (D) Quantification of the number of tumorspheres at day 7. (E) Representative micrographs of parental E0771 and its K2-KO derivatives induced to form tumorspheres in the single-sphere formation assay. Scale bar, 200 µm. (F) Quantification of the diameter occupied by the resulting tumorspheres at day 7. (G) Representative micrographs of invading tumorspheres from parental E0771 and its K2-KO derivatives. Single spheres were grown in 96-well ultra-low adhesion plates and Matrigel (2.5 v/v) was added at day 3 and images were captured at day 7 and 11. Red arrows represent invading microspheres. Scale bar, 150 µm. (H) Quantification of the number of invading microspheres at day 11. Data are the means ± SD (n = 3, **, p < 0.001; Student’s t-test). Detailed information about the Western Blotting can be found in Figure S4. 
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Figure 5. Loss of Kindlin-2 in the mammary glands inhibits the oncogenic behavior of E0771 TNBC cells in vivo. (A,B) Tumor incidence (A) and latency in days (B) of the animal experiment as described. (C) Pictures of tumors and their comparative sizes from the different groups from the animal experiment as described. (D) Quantification of volume of tumors generated from inoculation of control E0771 cells or their K2-KO derivatives into the mammary fat pads of female C57BL/6J mice or their K2−/− derivatives. (E) Quantification of tumor volume generated from inoculation of control HML2 cells into the mammary fat pads of female wild-type C57BL/6J or K2-deficient (K2−/−) mice. (F) Quantification of lung metastasis after tail vein injection of control E0771 cells or their K2-KO derivatives of female wild-type C57BL/6J (WT) or K2-deficient (K2−/−) mice. Data are generated from five mice per group. Data are the mean ± SD (n = 5, ** p < 0.001; Student’s t-test). 
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Figure 6. Kindlin-2 regulates the TGF-β/EGF signaling axis in MECs to support breast cancer tumor growth in mammary glands. (A) Representative Western blots of protein lysates of mammary epithelial cells isolated from mammary glands of two different wild-type (WT) and two different K2−/−/K14 (K2−/−) mice, probed with antibodies against the indicated phospho proteins and their total counterparts. β-Actin is a loading control. (B,C) WT or K2-deficient (K2−/−) MECs were treated as indicated and subjected to immunoblotting with antibodies against the indicated phospho proteins and their total counterparts. β-Actin is a loading control. (D–I) Western Blot analyses with the indicated antibodies of protein lysates from tumors (T1–T3) derived from either E0771 (D) or HML2 (G) that were injected in the mammary fat pad of wild-type mice or their K2−/− derivatives. β-Actin is a loading control. Signal quantification for pSMAD3 and pERK1/2 are shown in (E,F) for the E0771-derived tumors, and in (H,I) for the HML2-derived tumors. The numbers under the WB bands represent the fold reduction of the signal with respect to the WT or the diluent band after normalization to the β-Actin signal. Data are representative of three independent replicates. Data are the mean ± SD (* p < 0.01; Student’s t-test). Detailed information about the Western blotting can be found in Figures S5–S7. 
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Table 1. List and sequences of oligonucleotide primers.
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Primer Name

	
Primer Sequence

	
PCR Product Size (bp)






	
K2 Floxed 5′ F

	
5′-CTT CCC TCA GTG ATG GAG TGT GAT CTG AG-3′

	
230/264




	
K2 Floxed 5′ R

	
5′-GGA GTC AGA GAG AAT GGG CAC TCT AGG TG-3′




	
K2 Floxed 3′ F

	
5′-CTA AAG CAG GCA GGT TGC CTG GAC-3′

	
288/322




	
K2 Floxed 3′ R

	
5′-CTC TTA CCC ACT GAG CCA TCT CAC C-3′




	
K2 Del F

	
5′-CCC TCA GTG ATG GAG TGT GAT-3′

	
404




	
K2 Del R

	
5′-AAG AGG GCG TCA GAT TTC GTT-3′




	
K14 Cre Tg F

	
5′-GCG GTC TGG CAG TAA AAA CTA TC-3′

	
100




	
K14 Cre Tg R

	
5′-GTG AAA CAG CAT TGC TGT CAC TT-3′




	
K2 RT Ex1 F

	
5′-CGG GAC TCC ATT AGC AGC G-3′

	
2201/457




	
K2 RT Ex 15 R

	
5′-TTC CTA TTC ACA CCC AAC CAC T-3′
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