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Abstract

:

The RNA interference (RNAi) machinery is an essential component of the cell, regulating miRNA biogenesis and function. RNAi complexes were thought to localize either in the nucleus, such as the microprocessor, or in the cytoplasm, such as the RNA-induced silencing complex (RISC). We recently revealed that the core microprocessor components DROSHA and DGCR8, as well as the main components of RISC, including Ago2, also associate with the apical adherens junctions of well-differentiated cultured epithelial cells. Here, we demonstrate that the localization of the core RNAi components is specific and predominant at apical areas of cell-cell contact of human normal colon epithelial tissues and normal primary colon epithelial cells. Importantly, the apical junctional localization of RNAi proteins is disrupted or lost in human colon tumors and in poorly differentiated colon cancer cell lines, correlating with the dysregulation of the adherens junction component PLEKHA7. We show that the restoration of PLEKHA7 expression at adherens junctions of aggressively tumorigenic colon cancer cells restores the junctional localization of RNAi components and suppresses cancer cell growth in vitro and in vivo. In summary, this work identifies the apical junctional localization of the RNAi machinery as a key feature of the differentiated colonic epithelium, with a putative tumor suppressing function.
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1. Introduction


Colorectal cancer is the third most prevalent and second deadliest form of cancer [1]. This implies that there are still gaps in our understanding of the disease [2]. A common feature of colorectal tumors is disruption and eventual loss of epithelial tissue architecture and integrity, which occurs in early or even pre-cancerous stages of the disease [3,4]. However, the extent that disruption of colonic epithelial architecture contributes to pro-tumorigenic cell transformation is still unclear [2,3,4,5].



The adherens junction is a cell-cell adhesion structure critical for organ development, tissue architecture, and cell function [6,7]. E-cadherin is the core adhesion molecule in epithelial cells and is stabilized through its association with p120 catenin (p120) [8]. Due to its essential function in epithelial homeostasis, E-cadherin has long been considered a tumor suppressor, which is downregulated during epithelial-mesenchymal transition, promoting tumor progression and metastasis. However, numerous studies in recent years have challenged this notion [5,9]. For example, we and others have shown that E-cadherin is still expressed in most tumors examined and that E-cadherin-p120 complexes are required for cancer cell survival, proliferation, anchorage-independent growth, as well as for collective cell migration [5,10,11,12,13,14,15,16,17,18]. These findings complicated our understanding of the function of E-cadherin complexes in tumorigenesis.



Although E-cadherin-based cell-cell contacts form across lateral membranes between adjacent cells, mature adherens junctions appear in well-differentiated epithelia and specifically localize at the apical areas of cell-cell contact, where they tether to circumferential actin to form the zonula adherens [6,7]. This and other findings point toward structural differences between the apical adherens junctions and basolateral areas of cell-cell contact. For example, it has been shown that a p120-binding partner called PLEKHA7 specifically localizes at the apical adherens junctions of well-differentiated epithelial cells and tissues, but not at the lateral areas of cell-cell contact [10,19,20]. In addition to these structural differences between the apical and basolateral complexes at areas of cell-cell contact, we recently showed that these complexes are also functionally distinct. In particular, we demonstrated that the apical adherens junctions can suppress pro-tumorigenic cell transformation through PLEKHA7, whereas the basolateral cell-cell junction complexes promote it, in the absence of PLEKHA7 [10,21,22]. In agreement with these findings, we and others have shown that PLEKHA7 is broadly mis-localized or downregulated in human breast and kidney tumors, although E-cadherin is still broadly expressed at areas of cell-cell contact [10,23]. These findings provided a mechanistic basis to explain why E-cadherin complexes can act both in a pro- and in an anti-tumorigenic fashion and revealed that other cadherin-junction components have to be taken into consideration, when assessing the role of E-cadherin in tumorigenesis.



Our investigation to understand how the adherens junctions may be acting as a tumor suppressor led to the revelation that PLEKHA7 recruits numerous RNA-binding proteins, including the main complexes of the RNA interference (RNAi) machinery [10,24,25]. More specifically, we showed that PLEKHA7 recruits the core components of the microprocessor complex, namely DROSHA and DGCR8, as well as the RNA-induced silencing complex (RISC), including its key enzymatic component Ago2 [10,25]. Notably, we showed that this interaction occurs specifically at the apical adherens junctions of well-differentiated epithelial cells, such as human colon Caco2 and canine kidney MDCK cells [10,25]. By recruiting these complexes, PLEKHA7 regulates the processing and activity of a number of tumor-suppressing miRNAs, such as miR-30b, miR-24, miR-200c, and miR-203a [10,25]. PLEKHA7 depletion in Caco2 cells results in the disruption of the localization of the RNAi machinery at the adherens junctions and in decreased levels and activity of these miRNAs, eventually promoting oncogene upregulation and pro-tumorigenic transformation of Caco2 cells [10,25]. These findings provided a path to explain the function of the apical adherens junction complex as a suppressor of pro-tumorigenic cell transformation. In addition, these results challenged the broadly accepted notion that the microprocessor complex localizes solely in the cell nucleus and that the RISC specifically localizes in the cytoplasm, by demonstrating their additional association with the apical adherens junctions of well-differentiated epithelial cells [24,26,27]. Since we obtained these data in cultured epithelial cells, such as colon Caco2 cells, the question that emerged is whether the junctional localization of the RNAi machinery is broad and physiologically relevant to other cells and tissues, either normal or diseased. In this work, we seek to examine whether this subcellular distribution of the microprocessor and RISC at apical adherens junctions is indeed a feature of the well-differentiated colonic epithelium. We also examine whether this localization is maintained or lost in colon cancer cells and tumors, since our findings point towards a putative tumor suppressing mechanism that is potentially disrupted in cancer. In addition, we test whether we can restore this junctional localization of RNAi in colon cancer cell lines and look at effects on their growth. Our findings presented here confirmed our predictions, indicating that the apical adherens junction-associated RNAi machinery is a predominant feature of well-differentiated colonic epithelia, which is broadly disrupted in colon cancer.




2. Results


2.1. The Core Components of the RNAi Machinery Localize at Apical Adherens Junctions in Normal Colon Epithelia


We have recently shown that the adherens junctions recruit the core components of the RNAi machinery, such as DROSHA, DGCR8, and Ago2, through PLEKHA7 [10,25]. In those studies, we primarily used Caco2 colon intestinal epithelial cells. These cells are well-differentiated, they can fully polarize in culture and are broadly used as a versatile model of the fully differentiated colonic epithelium [28,29,30], which is why we used them as our model. Still, they are derived from a primary colon adenocarcinoma and cannot be considered normal. Therefore, to examine the relevance of our findings to the normal colonic epithelium, we obtained primary colonic epithelial cells. These cells do not proliferate and cannot be extensively used in culture; however, we were able to plate them on coverslips to perform immunofluorescence and image them using confocal microscopy. This approach confirmed that DROSHA and Ago2 localize at the adherens junctions of these cells, in agreement with the findings in Caco2 cells (Figure 1). Since these cells can also partially polarize under these culture conditions, we performed a fine optical dissection of the apical and the basolateral areas of cell-cell contact of these cells, using confocal microscopy. Notably, junctional localization of both DROSHA and Ago2 is restricted at the apical adherens junctions, whereas they were predominantly nuclear or cytoplasmic, respectively, at that basal areas of cell-cell contact of these cells. These results are in agreement with our previous findings in polarized Caco2 cells and further demonstrate the specific localization of RNAi complexes at apical adherens junctions.



To further examine the localization pattern of RNAi complexes in the colonic epithelium, we obtained colon tissues from colon cancer patients, as well as matched normal colon tissue samples. We performed immunofluorescence of these tissues for DROSHA, DGCR8, and Ago2, using E-cadherin as our cell-cell junction marker and PLEKHA7 as our specific apical adherens junctions marker, according to what previous studies have extensively demonstrated [10,19,20]. We assessed tissues from a total of 33 patients. As expected, in normal tissues, E-cadherin is junctional both at apical and lateral areas of cell-cell contact, whereas PLEKHA7 strictly localizes at the apical areas of cell-cell contact and also highlights the apical areas of colonic crypts, where the fully differentiated epithelial cells of crypts reside [5,31] (Figure 2A). Neither E-cadherin, nor PLEKHA7 stain the stromal tissue, but strictly the epithelial, confirming the specificity of our findings to the colonic epithelium.



Remarkably, localization of DROSHA, DGCR8, and Ago2 in all normal tissues we examined was primarily at the apical areas of cell-cell contact of the crypts of these tissues, co-localizing with PLEKHA7 (Figure 2B,C and Figure S1). Although nuclear localization of DROSHA and DGCR8 and cytoplasmic localization of Ago2 is also observed in these samples, their apical localization seems predominant and highlights the apical areas of colonic crypts. These observations are in agreement with our findings both in Caco2 cells and in primary colon epithelial cells (Figure 1) and demonstrate that the core components of the RNAi machinery primarily localize at the apical adherens junctions of well-differentiated human colonic epithelial tissues.




2.2. PLEKHA7 and RNAi Components Are Dysregulated in Human Colon Tumors


Our previous experimentation with Caco2 cells showed that PLEKHA7 depletion results in the loss of junctional localization of RNAi components [10,25]. We also introduced data from breast and kidney tumors showing extensive mis-localization or downregulation of PLEKHA7 [10]. However, we have not assessed the status of PLEKHA7 in colon tumors. In addition, we have not examined the status of RNAi complexes in any of these tissues. Therefore, here, we examined DROSHA, DGCR8, and Ago2 localization in the colon tumor tissues we collected, in comparison to their normal matched tissues discussed above. We used E-cadherin and PLEKHA7 as our lateral and apical cell-cell junction markers, as above. In agreement with our previous findings in breast and kidney tissues, we found that PLEKHA7 is extensively mis-localized in colon tumors from all stages (Figure 2A–C and Figure S2). More specifically, apical and/or junctional localization of PLEKHA7 appears to be either fragmented or the protein downregulated in colon tumors (Figure 2A–C and Figure S2). Interestingly, apical junctional localization of RNAi components follows the same pattern in these tumors and is either spontaneous or entirely lost, whereas nuclear localization of DROSHA and DGCR8 or cytoplasmic of Ago2 now appears more predominant (Figure 2B,C and Figure S1). Evaluation of these findings across all tumor samples (Figure 2D) confirmed these changes in localization and revealed that: a) they are broad to almost all colon tumors examined; b) they occur in early stages; and c) they persist and become more apparent towards advanced stages (Figure 2D). Importantly, our analysis combined with the analysis of publicly available data from TCGA, shows that E-cadherin is still widely expressed in colorectal tumors, whereas PLEKHA7 is overall downregulated (Figure 2A and Figure S3A,B). Notably, the TCGA data analysis also showed that DROSHA and Ago2 levels are significantly elevated in colon tumors (Figure S3C,D), in addition to the loss of their junctional localization, revealing multiple levels of dysregulation of these proteins correlating with tumor progression. Together, these data demonstrate that a key difference between normal and tumor colon tissues of all stages appears to be the loss of apical junctional or of any cell-cell junction localization of the PLEKHA7-RNAi complex in colon tumors, compared to normal colon epithelial tissues.




2.3. PLEKHA7 and RNAi Components Are Mis-Localized in Human Colon Cancer Cell Lines


To follow up on our findings from colon tissues and to obtain further insights into the junctional localization of RNAi components, we examined a panel of colon cancer cells lines, namely DLD-1, HT-29, LS174T, and HCT116. We also included Caco2 cells as a well-differentiated control cell line. More specifically, we performed immunofluorescence and confocal microscopy of these cells for PLEKHA7 and p120 as junctional markers, and for the core RNAi components DROSHA, DGCR8, Ago2, and GW182. Results confirmed that PLEKHA7, as well as all other RNAi proteins that we examined, exhibit junctional localization in Caco2 cells, as we have previously shown (Figure 3A–C). However, junctional localization of PLEKHA7 was compromised in all other cell lines that we examined and appeared fragmented (HT-29), spontaneous (LS174T, DLD-1), or downregulated (HCT116) (Figure 3A–D). Remarkably, and in agreement with the disruption of the junctional localization of PLEKHA7, none of the RNAi components localized at areas of cell-cell contact in any of these cells lines, in stark contrast to the well-differentiated Caco2 cells (Figure 3A–C), but only exhibited predominantly nuclear (DROSHA, DGCR8) or cytoplasmic (Ago2, GW182) localization. This result is in agreement with our data obtained through colon tissue examination (Figure 2) and altogether support the notion that a main distinction between well-differentiated and poorly differentiated colon epithelial cells is the junctional localization of RNAi components.



Importantly, in all these cell lines, p120 and E-cadherin are still expressed and at areas of cell-cell contact (Figure 3A–D), albeit with increased cytoplasmic localization of p120 in HT-29 and HCT116 cells and decreased overall expression of E-cadherin in HCT116 cells. However, in all cases, the loss of junctional localization of RNAi components correlates with the disruption or loss of junctional localization of PLEKHA7, in agreement with our previous published findings showing that PLEKHA7 is required for the recruitment of RNAi components to the adherens junctions [10,25]. Notably, in the three cells lines that PLEKHA7 is still expressed but mis-localized, namely HT-29, DLD-1, LS174T, there is an increase of p120 phosphorylation at Y228, which is phosphorylated by Src (Figure 3D). We have previously shown that Src activity and p120 phosphorylation opposes junctional localization of RNAi components to the junctions [10,25]. Actually, it seems that isoform 1 of p120 is predominant in HT-29 and LS174T cells; this isoform includes multiple tyrosine sites phosphorylated by Src and has been associated with pro-tumorigenic phenotypes [8,32,33,34]. Interestingly, in these three cell lines, HT-29, DLD-1, and LS174T, the overall expression levels of PLEKHA7 seem higher than in Caco2 cells, despite the disruption of its junctional localization, whereas there are also irregularities in the expression pattern of PLEKHA7, with potential differential isoform expression, as revealed by Western blot (Figure 3D).



The loss of junctional localization of RNAi components in the colon cancer cell lines that we examined cannot be attributed to their downregulation, as they are still robustly expressed in these cells, in at least similar levels with Caco2 cells (Figure 3E). In fact, the levels of DROSHA seem to be higher in these cells compared to Caco2 cells (Figure 3E). Interestingly, DROSHA and to some extend DGCR8, seem to also exhibit differential isoform expression. In particular, HT-29, DLD-1, LS174T and HCT116 cells predominantly express a higher molecular weight isoform of DROSHA, compared to Caco2 cells (Figure 3E). These cells also express a lower molecular weight isoform of DGCR8 (Figure 3E). Different isoforms of DROSHA with distinct cytoplasmic or nuclear localization have been recently identified [35,36]. However, it is still not clear whether the isoforms detected here are the same as those previously described. Still, taken together, the data demonstrate that the junctional localization of RNAi components is lost in poorly differentiated colon cancer cells in association with the disruption of junctional localization or loss of expression of PLEKHA7, independently of their overall expression levels or the overall presence of Ecad-p120-mediated cell-cell adhesion. They also reveal several additional factors as candidates for this dysregulation, including different isoforms of these proteins and potential involvement of Src activity.




2.4. Src Activity Is Partially Responsible for PLEKHA7-RNAi Mis-Localization in Colon Cancer Cells


To examine whether Src is indeed responsible for the loss of junctional localization of PLEKHA7 and of RNAi components in HT-29, DLD-1, and LS174T cells, we inhibited Src activity using a chemical inhibitor and examined localization of PLEKHA7, DROSHA, and Ago2, by immunofluorescence and confocal microscopy. Interestingly, Src inhibition restored junctional localization of PLEKHA7, DROSHA, and Ago2 and also strengthened p120 localization to the junctions in DLD-1 cells (Figure 4A). However, it had no effect in any of these markers in HT-29 and LS174T cells (Figure 4B,C), although we confirmed the inhibition of Src phosphorylation at its self-activating Y416 site, as well as the suppression of p120 phosphorylation at the Src-targeting Y228 site in all three cell lines (Figure 4D). Notably, Src inhibition had no effect on overall levels of RNAi proteins examined (Figure 4E). These results demonstrate that Src activity can disrupt junctional localization of PLEKHA7 and of RNAi components, but that there are also additional factors that regulate recruitment of the PLEKHA7-RNAi complex to areas of cell-cell contact, which require further investigation.




2.5. PLEKHA7 Re-Expression in HCT116 Cells Restores Junctional Localization of RNAi Components and Suppresses Tumor Growth


In addition to the three colon cancer cell lines that PLEKHA7 is still expressed in but its junctional localization disrupted, we identified one, namely HCT116, in which PLEKHA7 is downregulated (Figure 3A,D). HCT116 cells are aggressively tumorigenic and highly metastatic [37]; however, they still express E-cadherin and p120 and form cell-cell junctions (Figure 3A,D). We have previously shown that PLEKHA7 depletion promotes pro-tumorigenic transformation of Caco2 cells and results in the disruption of junctional localization of RNAi complexes and downregulation of tumor-suppressing miRNAs, although E-cadherin-mediated cell-cell adhesion is still present [10]. Therefore, we questioned whether the restoration of PLEKHA7 in HCT116 cells would indeed suppress their tumorigenic potential and would be sufficient to restore the junctional localization of RNAi components. Indeed, stable re-expression of PLEKHA7 in HCT116 cells using a retroviral vector strengthens cell-cell adhesion, as visualized by E-cadherin staining, and restores junctional localization of DROSHA and Ago2 (Figure 5A–C). Importantly, PLEKHA7 re-expression significantly suppresses anchorage-independent growth of HCT116 cells in vitro, in a soft agar assay (Figure 5D,E), and tumor growth of these cells in a xenograft mouse model, in vivo (Figure 5F–H). In addition, PLEKHA7 re-expression results in the increased levels of miRNAs that we have previously identified to be regulated by PLEKHA7 in Caco2 cells, such as miR-30b, miR-200c, and miR-203a (Figure 5I) [10,25]. These miRNAs are well-established tumor suppressors and are downregulated in many cancers, including colorectal tumors, as well as in colon cancer cell lines, such as those included in our study [38,39,40,41,42,43,44,45,46,47,48,49,50,51]. Together, these results are in agreement with our previous findings [10,25] and further support a tumor suppressing role for PLEKHA7 in the colonic epithelium, through recruitment and regulation of the RNAi machinery.





3. Discussion


Since their discovery, the biochemistry of RNAi complexes has been extensively studied, leading to significant advances towards our understanding of their function [26,27,52,53]. Traditionally, the microprocessor complex, mainly comprised of DROSHA and DGCR8, was considered a solely nuclear component of the cell, whereas the RISC, including Ago2 and GW182, a cytoplasmic one [26,27]. However, our recently published work revealed that the core RNAi complexes are also recruited and localize at the apical adherens junctions of well differentiated epithelial cells, such as human colon Caco2 and canine kidney MDCK cells [10,24,25]. Stemming from the Caco2 findings, the present study sought to investigate the subcellular distribution of the core RNAi components in colon tissues, tumors, and cell lines. Surprisingly, our data not only confirm the apical junctional localization of these complexes but reveal that this localization is actually predominant and a robust feature of normal colon epithelial tissues. These findings signify the physiological relevance of the apical junctional localization of RNAi complexes and further underscore that our findings in Caco2 cells are not a cell line intricacy but rather representative of a widespread characteristic of well-differentiated epithelia.



Strikingly, the junctional localization of RNAi components is entirely lost in colon tumors, even at early stages, or in poorly differentiated colon cancer cell lines. This observation has a number of implications. Firstly, it can explain why the apical junctional localization of RNAi complexes was previously missed; most RNAi-related studies have so far been conducted in transformed cell lines that do not form mature adherens junctions, whereas human tissue studies are scarce and focus on the overall levels of RNAi components, without the systematic examination of their subcellular localization [54]. Secondly, it potentially identifies a novel epithelial-specific biomarker that distinctly separates well-differentiated from transformed cells and tissues, especially since E-cadherin and other adherens junctions markers are still broadly expressed in tumors. Importantly, our findings indicate that the loss of the junctional localization of RNAi is apparent even at early stages, suggesting that it may also be a marker of pro-tumorigenic transformation in polyps or other pre-cancerous conditions, such as inflammatory bowel disease. Thirdly, the loss of junctional RNAi in colon tumors and cell lines, taken together with our previously published findings in Caco2 cells and our current findings on HCT116 cells, suggests that the PLEKHA7-RNAi complex is a potential novel tumor suppressor mechanism, which acts to maintain colonic epithelial homeostasis. Further studies are required to fully understand the tumor-suppressing function of this mechanism and its exact role in colon tumorigenesis.



Cumulatively, the evidence for the junctional association of RNAi complexes in well-differentiated cells and tissues seems now overwhelming, based on our current and previously published findings [10,24,25]. However, we still have little evidence regarding the modes of regulation and the reasons for mis-localization of the junctional RNAi complexes in tumors. The data so far argue that PLEKHA7 is indeed one of the cell-cell adhesion components required for recruitment of these complexes to the junctions [10,25]. PLEKHA7 depletion in Caco2 cells results in the loss of junctional localization of RNAi, whereas PLEKHA7 re-expression in HCT116 cells restores junctional localization of RNAi components [10,25] (Figure 5A). There is also a correlation between the loss of junctional localization of PLEKHA7 and of RNAi in tumor tissues and cell lines (Figure 2 and Figure 3). Still, many questions remain unanswered. It seems that there is both a disruption of junctional localization as well as a downregulation of PLEKHA7 in cells and tissues (Figure 2 and Figure 3). We investigated a potential cause of disruption of junctional localization of PLEKHA7 and RNAi components by examining Src. Src is an oncogene that is extensively involved in colon tumorigenesis [55,56] and is well-established that its activity disrupts strong adhesion [32,57]. Indeed, we have previously shown in Caco2 cells that Src activity opposes junctional localization of RNAi components [10,25]. Our current findings show that Src is only partially responsible for this mis-localization, since its inhibition rescued the junctional localization of the PLEKHA7-RNAi complex only in DLD-1 cells, but not in HT-29 or LS174T cells (Figure 4). Therefore, it seems that other factors regulate the junctional localization of PLEKHA7 and of RNAi components to the junctions that remain to be investigated. In addition, our data show that there is a potentially differential expression of distinct DROSHA and DGCR8 isoforms (Figure 3E). Although the existence of such isoforms for DROSHA and their subcellular localization in the cytoplasm has been recently identified [35,36], their potential to differentially associate with cell-cell adhesion complexes, their exact functions, and their roles during tumorigenesis remain to be clarified. Examination of this and of potential other mechanisms that regulate the junctional localization of RNAi complexes is beyond the scope of the present study, however, it will be the focus of upcoming studies.



The broad dysregulation of the junctional PLEKHA7-RNAi machinery that we have observed, together with the possible existence of multiple modes of regulation and the fact that colon cancer is a multifactorial disease, raise the possibility that the junctional RNAi complex is a focal point at which several pathways converge to sustain colon cell homeostasis and that the dysregulation of either one of them could promote disease progression, through RNAi-miRNA dysregulation. This also suggests that the restoration of this mechanism may also serve as a therapeutic target in the future that could reestablish epithelial homeostasis, which can be disrupted through different oncogenic pathways. Therefore, delineating this network of regulation is essential to be addressed in future studies. In addition, although the present work focuses on colon cells and tissues, it is likely that the association of RNAi with the adherens junctions may be a broad characteristic of epithelial tissues. Indeed, we and others have demonstrated that PLEKHA7 specifically localizes at the apical adherens junctions of other well-differentiated epithelial tissues, such as breast an kidney, and that this localization is broadly disrupted in tumors of these tissues, similarly to our current data on colon tissues [10,20,23]. Therefore, it is also likely that the RNAi components follow the same apical junctional distribution in other well-differentiated epithelia, as in colon tissues. Confirming the prediction that apical junctional localization of RNAi is a universal feature of epithelial tissues with functional consequences will shed new light in our understanding of epithelial homeostasis and will help to better understand numerous diseases, even beyond cancer, and to help design novel therapeutic approaches.



In conclusion, the present study demonstrates that localization of the RNAi machinery at the apical adherens junctions is not only physiologically relevant, but a key property of the differentiated epithelium, at least in the colon. It also reveals that it is broadly dysregulated in tumors and suggests a tumor suppressing role for the PLEKHA7-RNAi complex. Finally, our data provide hints for multiple levels of regulation of this novel mechanism; further investigation is necessary to shed light into these modes of regulation and to clarify the role of the adherens junction-associated RNAi machinery in epithelial homeostasis and function.




4. Materials and Methods


4.1. Cell Culture, Reagents, and Constructs


All cell lines were acquired from ATCC (Manassas, VA), except human primary colonic epithelial cells (HCnEpC), which were obtained from Cell Applications (Canton, MA, cat# 732Cn-10a). All cells used were tested negative for mycoplasma contamination and they were authenticated by the University of Arizona Genetics Core, via Science Exchange (Palo Alto, CA). In all comparison studies, the cell lines were grown to the same confluences. Cell culture media and supplements (Hyclone), as well as FBS (Life Technologies, Carlsbad, CA) were obtained through Fisher Scientific (Hampton, NH); Caco2 cells were grown in MEM medium containing 10% FBS and 1x each of sodium pyruvate and non-essential amino acids. HCT116 and HT29 cells were grown in McCoy’s 5A containing 10% FBS. DLD-1 cells were grown in RPMI 1640 with 10% FBS. LS174T were grown in MEM medium containing 10% FBS. Phoenix A, a derivative of HEK293 cells used for retroviral production, were grown in DMEM with 10% heat inactivated FBS and 2mM Glutamine. The primary colonic epithelial cells (HCnEpC) do not proliferate in culture and were plated according to the suppliers’ instructions; more specifically, cells were thawed using the GI (gastrointestinal) Epithelial Cell Thawing Solution (Cell Applications, Canton, MA, cat #716T-20), centrifuged at 200g for 5 min and resuspended in the GI Epithelial Cell Defined Culture Medium (Cell Applications, Canton, MA, cat #716DC-50), and then plated on coverslips that were pre-coated using the GI Epithelial Cell Coating Solution Cell Applications, Canton, MA, cat #025-05). In order for cells to be confluent, 5 × 105 cells/coverslip were plated on 12 mm round coverslips and allowed to form cell-cell contacts for 48 hr before fixation and immunofluorescence.



Retroviral control LZRS and PLEKHA7 expressing (LZRS-PLEKHA7) vectors were used before [10]. Viral particles were generated in Phoenix A packaging cells and used to infect HCT116 cells. Cells with stable retroviral integration were selected using G418 for 7–10 days. The detailed protocol was described previously [10]. For mouse xenograft experiments, HCT116-LZRS and HCT116-LZRS-PLEKHA7 cells were also infected with lentiviral vector pLX304 Luciferase-V5Blast (Addgene, Watertown, MA, cat# 98580) [58] for constitutive expression of luciferase, to allow in vivo detection in the mice. These will be referred to hence forth as HCT116-LZRS-LUC and HCT116LZRS-PLEKHA7-LUC. The Src inhibitor PP2 was obtained from Sigma, St Louis, MO (cat #529573).




4.2. Antibodies


Primary antibodies used in the present study are: PLEKHA7 (Sigma, St Louis, MO, cat# HPA038610), p120 (EMD Millipore, Burlington, MA, cat# 05-1567), E-cadherin (Life Technologies, Carlsbad, CA, cat# 18-0223), Ago2 (Abcam, Cambridge, MA, cat# ab57113; Novus Biologicals, Centennial CO, cat# 28550002; ECM Biosciences, Versailles, KY, cat# AP5281), GW182 (Santa Cruz, Dallas, TX, cat# sc-56314), DROSHA (Life Technologies, Carlsbad, CA, cat# PA25-97013; Life Technologies, Carlsbad, CA, cat# MA5-3281; Abcam, Cambridge, MA, cat# Ab12216; Abnova, Taipei, Taiwan, cat# PAB7156), DGCR8 (Sigma, St Louis, MO, cat# HPA019965; Abnova, Taipei, Taiwan, cat# H00054487-M01), Actin (Sigma, St Louis, MO, cat# A2066). Working dilutions: 1:50-1:500 for immunofluorescence, 1:500-1:2000 for Western blot. Secondary antibodies used in the present study: HRP-anti-mouse (Jackson ImmunoResearch, West Grove, PA, cat# 715-035-150), HRP-anti-rabbit (Jackson ImmunoResearch, West Grove, PA, cat# 711-035-152), Alexa 488 anti-mouse (Life Technologies, Carlsbad, CA, cat# A-11029), Alexa 488 anti-rabbit (Life Technologies, Carlsbad, CA, cat# A11034), Alexa 594 anti-mouse (Life Technologies, Carlsbad, CA, cat# A-11005), Alexa 594 anti-rabbit (Life Technologies, Carlsbad, CA, cat# A-11037). Working dilutions: 1:500 for immunofluorescence, 1:2000 for Western blot.




4.3. Western Blot


Whole cell protein extracts were obtained using RIPA buffer (Tris, pH 7.4, 50 mM NaCl, 150 mM, NP-40, 1%, Deoxycholic Acid, 0.5%, SDS, 0.1%) supplemented with protease (cocktail III; RPI, Mount Prospect, IL) and phosphatase inhibitors (Pierce, Hampton, NH). Lysates were homogenized through a 29 g needle and cleared by full speed centrifugation for 5 min. Protein quantification was performed using the BCA assay (Pierce, Hampton, NH). Protein extracts were mixed with Laemmli Sample Buffer (LSB) and separated using Mini-PROTEAN TGX (4–15%) gels (Bio-Rad, Hercules, CA) transferred using Trans-Blot Turbo Transfer (Bio-Rad, Hercules, CA), blotted according to standard protocols, detected by luminescence using ECL (GE Healthcare Hampton, NH) and imaged using a Bio-Rad ChemiDoc (Hercules, CA). For xenograft tumor protein extraction, tumors were crushed using a dry-ice, pre-chilled pestle and mortar, followed by 3 × 10 sec sonication in chilled conditions, before protein extraction was performed as above.




4.4. Cultured Cells Immunofluorescence


Cells were grown on sterile glass coverslips until they were at least 90% confluent. Cells were washed once with PBS and then fixed with either: i) 100% methanol (Fisher Scientific, Hampton, NH) for 7 min at −20 °C; or ii) 4% formaldehyde (Fisher Scientific, Hampton, NH, cat # 50-259-99) for 20 min at RT, followed by 0.02% Triton-X 100 permeabilization for 10 min. Cells were blocked with Protein-Block reagent (Dako, Santa Clara, CA, cat # X090930-2) for 60 min and stained with primary antibodies diluted in Antibody Diluent (Dako, Santa Clara, CA, cat # S302281-2) for 1 h. Cells were then washed three times with PBS, stained with the fluorescent-labelled secondary antibodies, protected from light, for 1 h, washed three times with PBS, co-stained with DAPI (Sigma, St Louis, MO) to visualize the nuclei, mounted (Aqua Poly/Mount, Polysciences, Warrington, PA, cat # 18606), and imaged using a Leica SP5 confocal microscope, under a 63× objective, with an additional 1.5× zoom. Z-stacks were acquired in 0.5–1.0 μM intervals. Images and stacks were analyzed using the ImageJ software.




4.5. Human Tissue Collection and Immunofluorescence—Immunohistochemistry


Colon tissue samples were obtained from the Hollings Cancer Center Biorepository, Medical University of South Carolina (MUSC), under protocol number Pro00062968 (02-02-2017), with the approval of the MUSC’s Institutional Review Board. Tissue samples were de-identified (unique patient identifiers and confidential data removed) before samples were obtained; thus the study was deemed as Not Human Research (NHR). Fresh frozen tissues were air-dried at room temperature for 10 min and fixed in acetone (Fischer Chemical, Hampton, NH, cat # A18-1) for 20 min at −20 °C. Then, samples were rehydrated in PBS (Corning, Hampton, NH, cat # 21-040-CV) three times. A hydrophobic barrier was marked around tissues using Aqua Hold II pen (Scientific Device Laboratory, Des Plaines, IL, cat # 9804-02). Afterwards, samples were blocked with a blocking reagent (Dako, Santa Clara, CA, cat # X090930-2) for 1 h at room temperature and stained with primary antibodies diluted in an Antibody diluent (Dako, Santa Clara, CA, cat # S302281-2) for 2 h at room temperature. Samples were then washed three times with PBS and stained with fluorescent-labeled secondary antibodies diluted in an Antibody diluent (Dako, Santa Clara, CA, cat # S302281-2) for 1 h at room temperature. Samples were then washed two times with PBS, co-stained with DAPI (Sigma, St Louis, MO, cat # D8417) diluted in PBS and washed once again with PBS. Slides were then mounted (Aqua Poly/Mount, Polysciences, Warrington, PA, cat # 18606) and were dried overnight at room temperature in the dark.



Tissues slides were also subjected to H&E stainings for histology evaluation of tumor areas. For this, slides were immersed in xylene (Fisher Scientific, Hampton, NH) twice for 5 min each time and were rehydrated through a series of EtOH (100-100-95-80-70-50%) and placed in water. Samples were then stained with hematoxylin (Polysciences, Warrington, PA, cat # 24243-500) for 2 min and washed in water-acid alcohol-water. Samples were then immersed in blue ammonia water for 1 min, washed with water, placed in 95% EtOH for 1 min and stained with in eosin Y solution (Fisher Scientific, Hampton, NH, cat # 45380-M1159350100) for 1 min. Samples were then rapidly dehydrated through a series of EtOH (95-95-100-100%), placed in xylenes twice for 5 min each time and were mounted with Cytoseal (Fisher Scientific, Hampton, NH, cat # 831016).



Commercially available paraffin-embedded colon tissue microarrays (TMAs) were obtained from US Biomax (Rockville, MD, cat# OD-CT-DgCol04-003). Slides were deparaffinized by immersing in xylene (Fisher Scientific, Hampton, NH) twice for 5 min each time. Samples were then rehydrated through a series of EtOH (100-100-95-80-70-50%) and placed in distilled water. Samples were then subjected to an antigen retrieval using a mix (Vector Laboratories, Burlingame, CA, cat # H-3300) for 5 min, and were rinsed in distilled water and in PBS (Corning, Hampton, NH, cat # 21-040-CV) respectively. Afterwards, samples were blocked with a blocking reagent (Dako, Santa Clara, CA, cat # X090930-2;) for 1 h at room temperature in a humid chamber and stained with primary antibodies diluted in an Antibody diluent (Dako, Santa Clara, CA, cat # S302281-2) overnight at 4 °C in a humid chamber. Samples were then washed three times with PBS and stained with fluorescent-labeled secondary antibodies diluted in an Antibody diluent (Dako, Santa Clara, CA, cat # S302281-2) for 1 h at room temperature in a humid chamber. Next, samples were washed three times with PBS and mounted using Slowfade with DAPI (Fisher Scientific Hampton, NH, cat # S36964).



Primary antibodies specifically used for tissue immunostainings were: PLEKHA7 (Sigma, St Louis, MO, cat # HPA038610), DROSHA (Abnova, Taipei, Taiwan, cat # PAB7156), DGCR8 (Abnova, Taipei, Taiwan, cat # H00054487-M01), Ago2 (Santa Cruz, Dallas, TX, cat # sc376696) and E-cadherin (4A2C7; Life Technologies, Carlsbad, CA, cat # 180223). Working dilutions were 1:50 to 1:500. Secondary antibodies used in the study were Alexa 488 anti-mouse (Life Technologies, Carlsbad, CA, cat # A21202), Alexa 488 anti-rabbit (Life Technologies, Carlsbad, CA, cat # A21206), Alexa 594 anti-rabbit (Life Technologies, Carlsbad, CA, cat # A11037) and Alexa 594 anti-goat (Life Technologies, Carlsbad, CA, cat # A11058). The working dilution was 1:500. Slides were imaged using a Vectra Multispectral Imaging System (Perkin-Elmer, Waltham, MA) under a 20x objective and analyzed using QuPath v0.1.2 [59]; or imaged using a Leica SP5 confocal microscope, under a 63x objective, with an additional 1.5x zoom. The analysis was qualitative, evaluating apical or junctional localization of the markers under examination.




4.6. Mouse Xenograft Experiments


All animal experiments were performed according to policies and guidelines of the Institutional Animal Care and Use Committee (IACUC) at MUSC under the approved protocol IACUC-2018-00438 (04-23-2019). Six- to eight-week-old male and female NOD scid gamma (NSG) mice (Jackson labs, Bar Harbor, ME) were used. All working surfaces were disinfected by wiping with 70% ethanol. The anesthesia chamber was set up with oxygen/isoflurane mixture according to manufacturer’s instructions: 2.5% (v/v) isoflurane to achieve depth of anesthesia and 1% (v/v) isoflurane to maintain anesthetic plane. The isoflurane (Fisher Scientific Hampton, NH) was obtained through the MUSC Pharmacy. Fifty thousand (50,000) cells in 50 ul of HBSS 1× (Gibco, cat # 14170-120; Fisher Scientific, Hampton, NH) of either HCT116 LZRS-LUC (control) or HCT116-LZRS-PLEKHA7-LUC cells were injected subcutaneously into either the left or right flank of each mouse. Tumor burden and location were evaluated using luciferase activity. For bioluminescence imaging, mice were anesthetized as above: 2.5% (v/v) isoflurane to depth of anesthesia and maintained with 1% (v/v) isoflurane during imaging protocols. D-Luciferin (Fisher Scientific, Hampton NH, cat # NC 1276267; 150 μg mL-1; substrate for luciferase) was injected within the peritoneal cavity. Bioluminescence images (BLI) and measurements were taken using an IVIS 200 imager (PerkinElmer, Waltham, MA). BLI were taken one day post-tumor implantation and then weekly and up to four weeks post-implantation. Acquisitions were taken 1, 5, 10, 15, and 20 min after luciferin injection. To standardize the data, a region of interest (ROI) was drawn around each tumor at each longitudinal imaging timepoint. Light emission was quantified from the same surface area (ROI) for each tumor. Corresponding gray scale photographs and color luminescence images were superimposed and luminescence analyzed using Living Image analysis software version 3.1 (Caliper Life Sciences, Waltham, MA). The data were calculated using Average Radiance, which is the sum of the radiance from each pixel inside the region of interest/number of pixels (photons/sec/cm^2/sr) and scaled the same for all data longitudinal time points. Representative images are shown; graphs represent all animals within each group and are statistically analyzed using standard analysis of variance techniques. The experimental end point was determined through preliminary experiments using control HCT116 cells at 4 weeks, which is right before the tumor size renders animals morbid. At the end point, animals were sacrificed using CO2 and cervical dislocation and tumors were excised for further analysis.




4.7. RNA Isolation and qRT-PCR


Cells from cultured plates or tumors from xenografts were lysed using Trizol (Invitrogen, Carlsbad, CA) and subjected to the Trizol Plus Total Transcriptome Isolation protocol of the PureLink RNA mini kit (Ambion - Life Technologies, Carlsbad, CA). Final RNA concentrations were determined using a BioDrop uLite spectrophotometer (Harvard BioScience, Holliston, MA). RNA was converted to cDNA using the High Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems, Waltham, MA). qPCR reactions were performed using the Taqman FAST Universal PCR master mix (Applied Biosystems, Waltham, MA) in a Bio-Rad CFX96 qPCR thermocycler (Hercules, CA). U6 was used as a control for miRNA expression normalization. TaqMan assays used for miRNAs (Applied Biosystems, Waltham, MA, cat# 4427975): hsa-miR-30b, 000602; hsa-miR-200c, 002300; hsa-miR-203a, 000507; U6, 001973.




4.8. Soft Agar Assay


Six 6-well plates (Costar, 3516, Corning, NY) were layered with 0.75% agarose, prepared by mixing 1.5% of sterile agarose (Fisher Scientific, Hampton NH, cat # BP1356100) in a 1:1 ratio with 2× concentrated HCT116 culture medium made from powder McCoy’s (Sigma, St Louis, MO, cat # M4892) and double addition of each supplement (see above). The basal layer was left to solidify for 30 min. Cells were trypsinized, counted, and re-suspended in 2x medium. The cell suspension was mixed in a 1:1 ratio with 0.7% sterile agarose to make a final layer of 0.35% agarose, which was added on top of the basal layer. 5 × 104 HCT116 cells were seeded per well. The top layer was left to solidify for another 30 min and was covered with 1× culture medium. Cultures were maintained for 2 to 3 weeks with medium renewal on top of agar every three days, until colonies were visible and then stained with 0.02% Crystal violet (Fisher Scientific, Hampton NH) in 20% Ethanol and PBS, washed three times with distilled H2O, scanned, and counted for colonies.




4.9. TCGA Data Analysis


Data extraction and analysis from the Cancer Genome Atlas (TCGA) was performed using the online Gene Expression Profiling Interactive Analysis (GEPIA) GEPIA [60]: http://gepia.cancer-pku.cn. We used the Box Plot drawing option of the Expression DIY module of GEPIA. To analyze data, we selected the colon (COAD) and rectal (READ) datasets and used a Log2FC Cutoff value of 1 and a p-value cutoff of 0.01. The total number of tissues analyzed were: colon tumors, 275; colon normal, 41; rectal tumors, 92; rectal normal, 10.




4.10. Statistics and Reproducibility


For all quantitative experiments, averages and standard deviations (s.d.) were calculated and presented as error bars; the number of independent experiments performed, sample size, and the related statistics are indicated in each figure legend. The Student’s two-tailed t-test was employed for p value calculations since all comparisons were between two groups, control and experimental condition. For all other experiments, at least three independent experiments were performed; a representative is shown in each Figure.
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	DGCR8
	DiGeorge Syndrome Critical Region Gene 8



	DROSHA
	Drosha Ribonuclease III



	ECL
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Figure 1. The core RNAi components DROSHA and Ago2 localize at apical adherens junctions. Primary colonic epithelial cells were stained by immunofluorescence for (A) DROSHA, (B) Ago2, and co-stained with p120; DAPI is the nuclear stain. Image stacks were acquired by confocal microscopy covering the entire cell monolayer between the basal and the apical areas of cell-cell contact. Representative apical-basal image stacks and merged composites are shown. Enlarged parts of images on top of each stack indicate areas of cell-cell contact. Scale bars: 20 μM. 
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Figure 2. The core components of the RNAi machinery localize at apical adherens junctions of normal colon tissues but are absent from areas of cell-cell contact in colon tumors. Examination of a total of colon normal and matched tumor tissues from n = 33 patient tissue samples from stages I (n = 12), II (n = 12), III (n = 8) and IV (n = 1), to assess localization status of RNAi machinery components. (A–C) Immunofluorescence staining for E-cadherin, PLEKHA7, DROSHA, Ago2. DAPI is the nuclear stain. Representative tissues from normal tissues and from each stage are shown. Enlarged parts of images on top of each stack are from normal (N) tissues, whereas at the bottom are from tumor tissues (T). Arrows indicate apical localization. Scale bars: 100 μM. (D) Overall assessment of the apical junctional localization status of PLEKHA7, DROSHA, Ago2 in all n = 33 tissues examined; results show the percentile of tissues that each marker exhibits apical, partial-apical, no apical localization, or is absent. 
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Figure 3. Dysregulation of PLEKHA7 and of RNAi components in colon cancer cells. Well-differentiated colon Caco2 cells and HT-29, DLD-1, LS174T and HCT116 colon cancer cell lines were: (A–C) stained by immunofluorescence for PLEKHA7, p120, DROSHA, DGCR8, Ago2, GW182 and imaged by confocal microscopy (scale bars: 20 μM); (D,E) subjected to Western blot for the markers shown. Actin is the loading control. 
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Figure 4. Src activity is partially responsible for the dysregulation of PLEKHA7 and RNAi components in colon cancer cells. HT-29, DLD-1, and LS174T colon cancer cells were treated with the Src inhibitor PP2 or DMSO vehicle (control) for 24 h and: (A–C) stained by immunofluorescence for PLEKHA7, p120, DROSHA, Ago2 and imaged by confocal microscopy (scale bars: 20 μM); (D,E) subjected to western blot for the markers shown. Actin is the loading control. 
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Figure 5. PLEKHA7 re-expression in colon cancer cells restores junctional localization of RNAi and suppresses cancer cell growth in vitro and in vivo. HCT116 colon cancer cells that lack endogenous PLEKHA7 expression were virally transduced to express either empty vector control or PLEKHA7. Cells were then: (A–C) stained by immunofluorescence for PLEKHA7, E-cadherin, DROSHA, Ago2 and imaged by confocal microscopy (scale bars: 20 μM); (D,E) subjected to soft agar colony formation assay and colony number quantitation (n = 3 independent experiments; *p < 0.05, Student’s two-tailed t-test); (F,G) engineered to express luciferase and then injected subcutaneously in NOD scid gamma (NSG) mice, were tumor formation was monitored for 4 weeks by using luciferin; image analysis was performed using IVIS, and graphs represent all animals within each group and are analyzed using for total luminescence flux; representative images are shown (n = 24 animals, 12 per group, control or PLEKHA7; *p < 0.0012, Student’s two-tailed t-test; both male and female animals were used, n = 6 each per experimental group; no significant differences were found between male and female animals); when the 4-week endpoint was reached, mice were euthanized and HCT116 control and PLEKHA7 tumors were extracted and subjected to: (H) protein isolation and Western blot analysis, alongside protein lysates of in vitro cultured HCT116 cells, to confirm ectopic expression of PLEKHA7 (Actin is the loading control); and (I) RNA isolation and qRT-PCR to examine expression of the miRNAs shown (n = 3; *p < 0.02, Student’s two-tailed t-test). 
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