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Poly C Binding Protein 1 Regulates p62/SQSTM1 mRNA Stability and Autophagic Degradation to Repress Tumor Progression
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Accumulating evidence show that Poly C Binding Protein 1 (PCBP1) is deleted in distinct types of tumors as a novel tumor suppressor, but its tumor suppression mechanism remains elusive. Here, we firstly describe that downregulation of PCBP1 is significantly associated with clinical ovarian tumor progression. Mechanistically, PCBP1 overexpression affects various autophagy-related genes expression at various expression levels to attenuate the intrinsic cell autophagy, including the autophagy-initiating ULK, ATG12, ATG7 as well as the bona fide marker of autophagosome, LC3B. Accordingly, knockdown of the endogenous PCBP1 in turn enhances autophagy and less cell death. Meanwhile, PCBP1 upregulates p62/SQSTM1 via inhibition p62/SQSTM1 autophagolysome and proteasome degradation as well as its mRNA stability, consequently accompanying with the caspase 3 or 8 activation for tumor cell apoptosis. Importantly, clinical ovary cancer sample analysis consistently validates the relevance of PCBP1 expression to both p62/SQSTM1 and caspase-8 to overall survival, and indicates PCBP1 may be a master player to repress tumor initiation. Taken together, our results uncover the tumorigenic mechanism of PCBP1 depletion and suggest that inhibition of tumor cell autophagy with autophagic inhibitors could be an effective therapeutical strategy for PCBP1-deficient tumor.
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INTRODUCTION

Poly C binding protein 1 (PCBP1) as an RNA binding protein is widely involved in different gene regulatory levels, which include gene transcription, translation, RNA transportation splicing and posttranscription (Giles et al., 2003; Nishinakamura et al., 2007; Ravikumar et al., 2010; Wang et al., 2010, 2018, 2019; Tripathi et al., 2016; Zhang et al., 2017a, b; Ishii et al., 2018; Shi et al., 2018; Zhao et al., 2019). Recently, PCBP1 as a novel tumor suppressor is characterized to be downregulated in many cancer types on inhibition of tumor formation and metastasis (Guo and Jia, 2018), including gastric cancer (Ji et al., 2017) and thyroid cancer (Ji et al., 2017). We have uncovered that PCBP1 delays the translation of metastatic PRL-3 which is broadly downregulated in variety of tumors, indicating that PCBP1 could be a potential tumor suppressor (Wang et al., 2010). In 2017, Jiani Guo et al. (2017) reported that PCBP1 mediates drug resistance in colorectal cancer. It was reported that PRL-3 enhances autophagy and promotes cell proliferation under nutrient-efficient and nutrient-poor conditions (Huang et al., 2014). Following this information, we then disclosed that PCBP1, as the suppressor of PRL-3, can really inhibit the starvation-induced autophagy of tumor cells to block tumorigenic initiation, independent of PRL-3 (Zhang et al., 2016), but we still do not know whether PCBP1 participates in the normal basal autophagy process in the nutrition-efficient situation. We recently showed that PCBP1 also increases cell cycle inhibitor, p27Kip1 expression via its RNA binding capability to repress tumor cell cycle progression (Shi et al., 2018). Together with the previously mentioned, PCBP1 seems to work on multiple facets to inhibit tumor initiation and progression, but the underlying detailed mechanism remains elusive.

Autophagy is an evolutionally conserved process, in which the double-membrane vesicles (autophagosomes) initiated from multiple autophagy-related gene (ATG) products swallow and digest the damaged cytoplasmic organelles or proteins through lysosome-dependent degradation. Autophagy is putatively known as a cytoprotective response to cell stress for cell survival from cell death under stresses (Degenhardt et al., 2006; Villa et al., 2017). In contrast, this process could contribute to cell demise (autophagic cell death) when last too long time or works on overdose (Mizushima, 2007; Maiuri et al., 2010; Bialik et al., 2018). Many stresses can induce autophagy, which are composed of starvation, hypoxia and rapamycin inductions (Klionsky et al., 2012). Microtubule-associated protein Light Chain 3B (LC3B) is well known as the mammalian homolog of yeast Atg8. During autophagy, the LC3B protein undergoes modification from LC3B I to LC3B II served as a hallmark of formation (Klionsky et al., 2012). The p62/SQSTM1 (p62) protein is a link formed between LC3B II and autophagic substrates. p62 usually incorporates into the integrated autophagosome and can be subsequently degraded in autolysosomes, when autophagy process fully accomplishes (Bjorkoy et al., 2005; Pankiv et al., 2007). Thus, initiative autophagic flux can be indicated by LC3B-II amount and the accomplishment by p62 degradation status, respectively (Klionsky et al., 2012). The current results indicated that autophagy has dual roles in either promoting tumor initiation or inhibiting tumor progression (Levine, 2007; Mizushima, 2007; Galluzzi et al., 2015; Singh et al., 2018). Generally, tumor cells in tumor mass center are lack of nutrition, thus have higher autophagic flux than those in tumor margin regions, to prevent their death (Degenhardt et al., 2006). From another way, autophagy also exists in dying cells to result in the eventual cell death through the excessive consumption of cellular components (Janku et al., 2011; Young et al., 2012; Huang et al., 2013). Thus, roles of autophagy in tumorigenesis are highly dependent on pathological and physiological conditions of cell context and microenvironment. So far, it remains elusive whether PCBP1 modulates and participates in tumor cell autophagy in the nutrition-efficient condition.

Apoptosis is a form of programmed cell death and characterized by the cascade activation of caspases (Fulda and Debatin, 2006; Li and Yuan, 2008; D’Arcy, 2019). Caspase-8 is an initiator caspase in apoptosis. The auto-activation of caspase-8 starts from its oligomerization and self-cleavage. Subsequently, the activated caspase-8 facilitates the activation of pro-caspase-3, which is an executioner caspase, and promotes the apoptotic cleavage of poly (ADP-ribose) polymerase (PARP) for apoptosis (Kruidering and Evan, 2000). Recent reports suggested that cross talking between autophagy and apoptosis can coordinately regulate cell fate (Wu et al., 2014). As mentioned above, PCBP1 can suppress tumorigenesis, but we still also do not understand if it is related to tumor cell death.

Our results suggest that PCBP1 not only downregulates autophagic flux in the starvation conditions by suppressing LC3B expression as previously reported (Zhang et al., 2016), but also coordinately represses multiple autophagic genes expression, including ULK1, ATG7, ATG12 and p62 to suppress tumor cell autophagy initiation and commitment, and eventually to enhance tumor cell apoptosis. Thus, the expression states of PCBP1, p62 and Caspase-8 could be predictive biomarkers, and the anti-autophagic approaches would be potential therapeutical strategy for patients with silence of PCBP1 and high autophagic flux.



MATERIALS AND METHODS


Cell Culture and Treatment. Human Ovarian Cancer Cell Lines

SK-OV3 and A2780, Chinese hamster ovarian cell line (CHO), human colorectal cancer cell lines DLD-1 and HCT-116 were purchased from the ATCC company and maintained as previously reported by our group (Shi et al., 2018). Unless otherwise specified, chloroquine diphosphate salts (CQ, 50 μM 24 h, Sigma-Aldrich), 3-Methyladenine (3-MA, 3 μM, 12 h, Selleck, China), actinomycin D (Act D, 0.5 μg/ml, Biosharp, 8 h or 12 h) and MG132 (20 μM, 12 h, Sigma-Aldrich) was, respectively, dissolved in PBS or DMSO, and used to inhibit autophagic degradation, terminate the novel transcription or inhibit protein degradation.



DNA Constructs and Transfection

The A2780-PCBP1, DLD-1-PCBP1, HCT-116-PCBP1, and SK-OV3-PCBP1 stable cell lines were established as previously described (Wang et al., 2010). Four specific shRNA constructs as previously described (Zhang et al., 2016) for knockdown of PCBP1. The cell transfections were performed out with the Lipofectamine 2000 reagent (Invitrogen) as the manufacturer’s instructions.



Antibodies and Western Blots (WB)

Antibodies were used against the following: PCBP1 (Cat No. sc-137249, Santa Cruz, WB 1:500); p62/SQSTM 1 (Cat No. 5114, Cell Signaling Technology (CST), WB 1:1000); LC3B (Cat No. 3868, CST, WB 1:1000, IF 1:200); Caspase-8 (Cat No.13423-1-AP, Protein Tech, China, WB 1:500); Caspase-3 (Cat No. 9662, CST, WB 1:1000); PARP (Cat No. 9542, CST, WB 1:1000); c-caspase-3 (Cat No. 9661, CST, WB 1:1000); ULK1 (Cat No.4773, CST, WB 1:1000); c-PARP (Cat No. 9541, CST, WB 1:1000); ATG7 (Cat No.8558, CST, WB 1:2000); ATG12 (Cat No.4180, CST, WB 1:1000); ATG5 (Cat No.2630S, CST, WB 1:1000); β-Actin (Cat No.4967, CST, WB1:2000); anti-mouse HRP-labeled secondary antibody (Cat No. 7076S, CST, WB 1:2000), GAPDH (Cat No. CW0101A, CW Bio-tech, China, WB 1:2000) and anti-mouse HRP-labeled secondary antibody (Cat No. 7076S, CST, WB 1:2000). The western blots protocols were followed as previously reported by our group (Zhang et al., 2016). Protein band intensity was, respectively, quantified and analyzed with densitometry by using Image J software.



Calculating Densitometry of Immunoblots

The quantitative densitometry of immunoblots was carried out as previously described (Zhang et al., 2016). Protein band intensity was respectively quantified and analyzed by using Image J software. Relative protein levels were calculated using densitometry values for GAPDH or β-actin as calibrators and shown under the protein bands.



Immunofluorescence Microscopy

For immunofluorescence, cells were seeded and grown on cover slips. And then, cells were washed in 1 X PBS and fixed in 4% paraformaldehyde (PFA). After permeabilization with 0.2% Triton X-100 (Biosharp), cells were probed with LC3B primary antibodies (CST, Cat No. 3868, IF 1:200) followed by anti-rabbit Alexa Fluor 594. Subsequently, cells were incubated with DAPI and mounted. Cells were observed by LSM710 confocal microscopy (Carl Zeiss AG).



Autophagy Assays

Autophagic flux was detected based on the amount of endogenous LC3B puncta, and validated with p62 protein level for autophagy completion. Cells were pre-treated with 50 μM CQ and DMSO for indicated time, respectively. The autophagy assay protocols are followed as previously reported by our group (Zhang et al., 2016).



Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

5 μg of RNA was reverse transcribed to cDNA by using M-MLV Reverse Transcriptase (Promega, Cat No. M1705) following the manufacturer’s instruction. Gene-specific primers used for RT-PCR amplification of p62, ULK1, ATG 12, ATG 7, PRL-3 and internal control GAPDH were listed in Supplementary Table 1. The RT-PCR amplification is performed by using GoTaq® DNA polymerase (Promega, Cat No. M3005) in the amplification system, according to the manufacturer’s protocol. DNA band intensity was quantified with densitometry via Image J software.



Flow Cytometry Apoptosis Analysis

To investigate the impact of PCBP1 overexpression on the tumor cell apoptosis, A2780-PCBP1 and A2780-GFP cells were seeded and cultured overnight, followed with treatment of 3 μM Paclitaxel or DMSO for 27 h, respectively. Next, adherent cells were trypsinized with 0.25% EDTA-free trypsin and stained with an APC-conjugated Annexin V and 7-ADD kit (KeyGEN BioTECH, China) following the manufacturer’s instructions. The percentage of apoptotic cells were quantified by flow cytometer (Gallios, Beckman, United States).



mRNA Stability Assay

A2780-PCBP1 or GFP control cells were treated with DMSO and 0.5 μg/ml Act D (Biosharp) for 8 and 12 h, respectively. Five microgram of RNA was used for cDNA synthesis, and the transcript abundances of p62 mRNAs and GAPDH mRNA controls were quantified via semi-quantitative RT-PCR. The primers of p62 and GAPDH for RT-PCR was provided (Supplementary Table 1).



Ribosome Profiling of Autophagy Genes

Ribosome profiling protocols were followed as previously reported by our group (Shi et al., 2018). ULK1, ATG12, ATG7, PRL3, GAPDH mRNA was detected by qRT-PCR with the primers (Supplementary Table 1) as above.



Cell Proliferation Assay

Cells were seeded in 96-well plates in triplicates and cultured overnight. Then, cell culture medium was replaced with 100 μl serum-containing media with or without CQ treatment at the indicated time points. After treatments, cell counting kit-8 (CCK8) reagent (BB-4202-1, Best Bio, China) was added in each well (10 μl per well) and the cells were incubated for another 2 h. The absorbance at 450 nm of each well was measured by enzyme-labeling instrument (Multiskan G0; Thermo Fisher Scientific, Inc.).



Immunochemistry (IHC) Analyses of PCBP1, p62, and Caspase 8 Expressions in Ovary Tumor Samples

Human freshly frozen colon tumor tissues were collected from Sun Yat-sen University Cancer Center, under their Standard Experimental Ethics Protocol and approved by Sun Yat-sen University Research Ethics Committee. Three ovary tissue arrays were purchased from Xi ’an Ailina Biotechnology Co., Ltd., under their Standard Experimental Ethics Protocol. These tissue arrays were stained with anti-PCBP1 (1:200 dilution, Abcam, United States), anti-p62 (1:200 dilution, Sanying Biotechnology Co., Ltd., Wuhan, China) and anti-Caspase-8 (1:200 dilution, Protein Tech, China) antibodies, respectively. Immunochemistry protocol and the semi-quantitative score was followed as previously reported by our group (Shi et al., 2018). The semi-quantitative score is presented as Score = SI (staining intensity) x PP (percentage of positive cells), in which SI was determined as ten levels including 0 (negative); 1; 2; 3; 4; 5 (Supplementary Figure 1). Likewise, PP was defined as 0, < 5%; 0.2, 6%–30%; 0.5, 31%–70%; and 1.0, > 70% positive cells. As an example, the relative score in Supplementary Figure 1 based on IRS are determined as 0, 1, 2, 3, 4, and 5.



Statistical Analysis

Statistical analyses were performed by GraphPad Prism software (Version 5.00). Unless otherwise specified, the unpaired t-tests and Analysis of Variance (ANOVA) analysis were used to compare two groups and multiple groups, respectively. P < 0.05 were considered as significant. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.



RESULTS


PCBP1 Is Downregulated and Negatively Related to Tumor Malignancy in Ovarian Tumors

We previously reported that PCBP1 is broadly downregulated in lung and colon cancers (Wang et al., 2010). PCBP1 downregulation promotes cell proliferation and tumorigenicity of ovarian cancer cells both in vitro and in vivo (Zhang et al., 2016; Shi et al., 2018). To further confirm the clinical relevance of PCBP1 to ovarian cancer progression, we examined PCBP1 expression state by immunohistochemistry (IHC) in 90 cases of ovarian cancer, compared with the 10 corresponding cancer adjacent ovarian tissues among them. Our IHC results were scored (Supplementary Figure 1) and indicated that PCBP1 was more detectable in cancer adjacent tissues than ovarian cancer samples (Figures 1A,B). Among ovarian cancer cases, according to tumor node metastasis (TNM) classification, PCBP1 levels were especially lower in pT3 group (tumor with micro-metastasis of extra pelvic peritoneum confirmed by microscope) vs. pT1/2 group (tumor with or without pelvic spread) (Figures 1C,D), as well as the late clinical stage (stage III and IV) vs. early clinical stages (stage I and II) based on clinicopathologic features (Figures 1E,F). Statistically significant decreased PCBP1 expression was also found in ovarian cancer samples with positive lymph node and distant metastasis statues, compared with those with negative status (Figures 1G,H). Moreover, we summarized the correlation between PCBP1 expression and clinicopathologic variables of patients with ovarian cancer (Table 1). In addition, our immunohistochemical staining results also suggested that PCBP1 protein expression is significantly decreased in tumor regions of colorectal cancer compared with the paired fresh normal tissues (Supplementary Figure 2; Shi et al., 2018). The overall analysis showed that low PCBP1 levels were significantly associated with tumor stages (p < 0.01), clinical stages (p < 0.05), lymph node and distant metastasis (p < 0.05).
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FIGURE 1. PCBP1 expression is negatively related to ovary cancer progression. (A) Representative immunohistochemistry (IHC) analysis of PCBP1 expression in the paired adjacent normal tissues (N) and their ovarian tumor samples (T). (B) Statistical analysis of PCBP1 expression between normal and tumor tissues detected in (A). (C) Representative PCBP1 expression level in pT1/2 tumors (with or without pelvic spread) vs. pT3 tumor (with micro-metastasis of extra pelvic peritoneum confirmed by microscope). (D) Statistical comparison of PCBP1 expression between the pT1/2 tumors and the pT3 tumors detected in (C). (E) Representative PCBP1 expression in tumor samples with different tumor progression (clinical stages). (F) Statistical analysis of PCBP1 expression with tumor progression (clinical stages). (G) Representative PCBP1 expression in primary tumor samples and the metastatic tumor samples. (H) Statistical analysis of PCBP1 expression between the primary and metastatic ovary cancer samples. All IHC images are photographed with 200X amplification. Scale bars equal to 100 μm. *P < 0.05; **P < 0.01; ***P < 0.001.



TABLE 1. PCBP1 expression and clinicopathologic characteristics of ovarian cancer patients.
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PCBP1 Inhibits the Basal Intrinsic Autophagy in Tumor Cells

Although we have shown that PCBP1 inhibits autophagy to repress cell proliferation in nutrition-deficient condition via downregulation of LC3B, a key gene of autophagy degradation (Zhang et al., 2016), but it is still not well understood that whether PCBP1 is also involved in the intrinsic basal autophagy regulation to impair tumorigenesis. To thoroughly answer this question, we conducted immunoblotting and showed that, compared with the control cells transfected with empty GFP vector, GFP-PCBP1 overexpression an obviously decreased the expression of LC3B I and LC3B II in A2780, DLD-1, HCT-116, and SK-OV3 cells from different tissue origin in nutrient-rich condition (Figure 2A). These results also indicate the existence of intrinsic autophagy event in various tumor cells, which could be regulated by PCBP1 overexpression. To investigate the fundamental function of PCBP1 in the basal autophagy regulation, immunofluorescence staining is performed and further validated the reduced aggregated LC3B puncta by PCBP1 overexpression upon an autophagy degradation inhibitor, chloroquine (CQ) treatment in both A2780 and DLD-1 cells under nutrition-rich conditions (Figure 2B). The LC3B puncta intensity in a cell is quantified and results demonstrate that PCBP1 overexpression cells have dramatically less LC3B puncta intensity than the parent control cells (Figure 2C). In addition, we noted that the quantified results of LC3B puncta intensity in Figure 2C did not significant decrease in the PCBP1 overexpression group compared with the control group, but the immunoblotting results in Figure 2A showed a significant decrease in LC3B expression. We think that the possible reason is due to the sensitivity of LC3B antibody that is not so sensitive for immunofluorescence detection, in comparison to immunoblotting detection. In line to this, immunoblotting results indicated that PCBP1 overexpression downregulates both types of LC3B I and II expression in full-nutrition situation, compared with its GFP control cells (Figure 2D, lane 1 vs. 2 and lane 5 vs. 6). Whereas, upon CQ treatment, LC3B levels were not completely recovered to the control GFP level (Figure 2D, lane 3 vs. lane 4 and lane 7 vs. lane 8), which is consistent with our previous results that PCBP1 downregulates LC3B expression independently of autophagic degradation (Zhang et al., 2016).
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FIGURE 2. PCBP1 Overexpression represses autophagy. (A) Immunoblots of PCBP1, LC3B I and II in PCBP1-overexpression (GFP-PCBP1) and the GFP control cells. β-actin is used as an internal loading control. (B) Immunofluorescence staining of LC3B puncta in both A2780 and DLD-1 cells with or without CQ treatment for 24 h. GFP-PCBP1 cells are in green, while parent control cell are not green. Cells counterstained with DAPI are shown in blue. White arrows point LC3B puncta (Red) in the parental control cells without GFP-PCBP1 transfection (not green), while the red arrows point LC3B puncta in GFP-PCBP1-transfected cells (green). Bars equal to 25 μm. (C) Quantifications of LC3B puncta intensity per cell in B are presented as histograms (mean ± SD). Parent group indicates the parent control cells without GFP-PCBP1 (not green), while the PCBP1 group indicates the cells with transfected GFP-PCBP1 (green). **P < 0.01; ***P < 0.001, n = 5. (D) Immunoblots of LC3B I, II in A2780 and DLD-1 cells with PCBP1 and GFP overexpression. Upon CQ or DMSO (control) treatment for 24 h, cells were analyzed. Immunoblot intensity ratio of LC3B II to GAPDH were, respectively, quantified and normalized, and indicated in each lane. (E) Immunofluorescence staining of LC3B puncta in both A2780 and DLD-1 cells with or without CQ treatment for 24 h. PCBP1 knockdown (KD) cells are in green, while parent control cells are not green. Cells counterstained with DAPI are in blue. White arrows point LC3B puncta (Red) in the PCBP1 KD cells, while the red arrows point LC3B puncta in the parental control cells. Scale bars in (B,E) equal to 25 μm.


To verify if endogenous PCBP1 really participate in basal autophagy regulation, endogenous PCBP1 was knocked down with 4 specific shRNAs in A2780, CHO, and HCT-116 cells with relatively high PCBP1 expression (Supplementary Figures 3A,B). Immunofluorescence staining revealed the increased aggregation of LC3B puncta intensity by deletion of endogenous PCBP1 upon CQ treatment in both CHO and HCT-116 cells under nutrition-efficient conditions (Figure 2E). CHO cells are relatively normal cells compared with the ovarian cancerous cells. Therefore, the results from CHO cells can evidently indicate the intrinsic autophagy event in normal ovary cells (tissues) to further show the general information. Likewise, deletion of PCBP1 robustly boosted the modified LC3B-II accumulation, which indicated as the ratio of LC3B-II to GAPDH in A2780 cell line (Supplementary Figure 3C, lane 1 vs. lane 2) in nutrition-rich conditions. After CQ treatment, LC3B levels were still more than the control level, demonstrating downregulation effect of LC3B by PCBP1 deletion (Supplementary Figure 3C, lane 3 vs. lane 4, lane 5 vs. lane 6). In this study, although the ovary cancer here is focused, the consistent results observed in CHO cell line and two colon cancer cell lines could to suggest the general observation of PCBP1 in autophagy modulation. Taken together, our results verified that PCBP1 downregulates LC3B expression to result in basal autophagy inhibition.



PCBP1 Upregulates p62/SQSTM1 Through Inhibiting Its Autophagic Degradation

Considering that LC3B expression can be suppressed by PCBP1 (Zhang et al., 2016), and it may not suitable to evaluate the influence of basal autophagic flux by PCBP1 with LC3B accumulation. In addition, autophagy is a complex, dynamic process, and LC3B-II accumulation just reflects the autophagic initiation, not the performance outcome (Ravikumar et al., 2010). Thus, p62/SQSTM1 (p62) was used to examine PCBP1’s influence in the basal autophagic flux, as p62 is the well-known substrate of autophagic degradation. According to this concept, we determined p62 level and western blotting results presented that, compared with the GFP control cells, p62 expression was robustly increased in various types of PCBP1-overexpressing cells under normal condition (Figure 3A). Quantification of p62 also confirmed a significantly higher p62 expression in PCBP1 overexpressing A2780 and DLD-1 cells compared with their GFP control cells, respectively (Figure 3B). On the contrary, endogenous PCBP1 depletion evidently decreased p62 protein level in A2780 cell line, HCT-116 cell line and CHO cell lines (Figure 3C). When inhibiting the autophagy completion with CQ, p62 level could be almost restored back to that of the parental control cells in DLD-1 cells, but not in A2780 (Figure 3D) exceptionally. Accordingly, CQ treatment similarly reversed p62 level in the PCBP1 depletion cells back to that in normal GFP control level (Figure 3E), suggestive of the p62 regulation by PCBP1 is at least an autophagy-dependent manner.


[image: image]

FIGURE 3. PCBP1 inhibits autophagy completion. (A) Immunoblots of p62 and GAPDH in the PCBP1 overexpression (GFP-PCBP1) and the GFP control cells by at least two independents. (B) Statistical analysis of p62 expression in PCBP1 overexpressing cells, compared with the GFP control cells by at least three independent immunoblots. ∗∗p < 0.01. (C) Western blots of p62 in the indicated endogenous PCBP1 knockdown cells. Four GFP-confused shRNAs against PCBP1 were transfected into cells to establish the PCBP1 knockdown cells, while the GFP empty vector-transfected cells are control cells. (D) Immunoblots of p62 in A2780 and DLD-1 cells with PCBP1 and GFP overexpression. Upon CQ or DMSO (control) treatment for 24 h, cells were analyzed by at least two independents. (E) Immunoblots of p62 in A2780 and HCT-116 cells with PCBP1 knock down (KD) by at least two independents. GAPDH is used as an internal loading control, and the expression ratio of p62 to GAPDH was quantified and normalized, and indicated under each lane.




p62 Is Also Upregulated via Proteasome Degradation Inhibition and mRNA Stabilization by PCBP1

Comparing p62 protein level between the CQ inhibited parental control cells and PCBP1-overexpressing cells, it seems that p62 could be modulated not only by the autophagy-dependent degradation, since CQ treatment did not restore p62 expression back to the normal level. We further investigated which other mechanism may be involved in p62 regulation. We treated cells with Act D or MG132 to block the novel mRNA transcription or protein proteasome degradation, respectively. Immunoblots showed that, after MG132 (a known proteasome inhibitor) treatment, p62 expression was obviously increased in the GFP cells, but not in GFP-PCBP1 overexpressing cells, compared with the corresponding control groups (Figure 4A), indicating PCBP1 can somehow inhibit proteasome-mediated p62 degradation. As PCBP1 is an RNA-binding protein as we have shown, we further carried out a semi-quantitative RT-PCR detection of p62 mRNA level, and our results indicated that PCBP1 overexpression led to more p62 mRNA amount, whereas endogenous PCBP1 knock down resulted in less p62 mRNA, compared with control cells (Figure 4B). To further clarify whether p62 mRNA amount alteration is due to its mRNA stability or transcriptional activation, we first blocked the novel mRNA synthesis with Act D treatment and detected stability of the newly synthesized p62 mRNA and its protein expression. Results showed that compared with that of control cells, PCBP1 delayed the degradation efficiency of the nascent p62 mRNA (Figure 4B). In addition, we knocked down the ATG5 expression in both DLD-1 GFP and PCBP1-overexpressing cells to reduce autophagic degradation and demonstrated that p62 protein was still high in the PCBP1-overexpressing cells, presenting the similar ratio to p62 mRNA level (Figure 4C). Altogether, the above results showed the authentic cause of p62 upregulation by PCBP1 is resulted from the multiple events, including the inhibitions of p62 autophagic and proteasome-mediated degradations, as well as the stabilized p62 mRNA level.
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FIGURE 4. PCBP1 enhance p62 expression in multiple levels. (A) Immunoblots of p62 and LC3B in the indicated GFP-PCBP1 cells as well as their parental cells treated without (Control) or with Actinomycin D (ActD) or MG132, respectively. (B) Semi-quantitative RT-PCR analysis of p62 mRNA stability (upper panel) in A2780 cells with endogenous PCBP1 knockdown (KD) or PCBP1 overexpression (PCBP1), compared with control cells (GFP) by at three independents. GAPDH is used as an internal control, and the ratio of p62 mRNA level to GAPDH was quantified, normalized and indicated under each lane. *P < 0.05. (C) Immunoblot of p62 protein level in DLD-1 cells with or without ATG5 knockdown by at least two independents. GAPDH was used as an internal loading control.




PCBP1 Coordinately Regulates Multiple Autophagy Genes on Translational Level

Given PCBP1 as an RNA-binding protein, it is involved in various levels of gene expression regulations, including transcription, splicing, translation and RNA stability (Giles et al., 2003; Wang et al., 2010; Zhang et al., 2010; Shi et al., 2018). To determine whether PCBP1 can regulate the autophagy-related genes at different levels, such as at the translational level, we conducted the gene expression analysis by PCBP1 overexpression as well as the ribosome profiling analyses of these genes’ translational status. Ribosome profiling results showed that PCBP1 clearly repressed ULK, ATG12, ATG7 translational efficiency, compared the known PCBP1 translationally repressed metastatic phosphatase PRL-3 (Wang et al., 2010), whereas the housekeeping gene GAPDH as an internal control was not affected (Figure 5A). In addition, the ATG12 and ATG7 were observed in our PCBP1-bound mRNA pool by immunoprecipitation (Supplementary Figure 4). To confirm the results, we did immunoblots and showed that these autophagy-related protein levels were clearly decreased accordingly (Figure 5B), validating the translational influence of PCBP1 in autophagy-initiating genes expression. Taken together, all above results suggested that PCBP1 represses autophagy through multiples target genes at various regulation levels.
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FIGURE 5. PCBP1 translationally enhance autophagy genes expression. (A) Polyribosome profiling of the indicated autophagy-promoting genes in A2780 cells with GFP-PCBP1 overexpression as well as the control GFP cells. As PRL-3 is translationally repressed by PCBP1 (Wang et al., 2010), it is used as positive control, GAPDH as a negative control. (B) Immunoblots of the indicated autophagy-promoting genes in various cell types with GFP-PCBP1 expression, compared with their GFP cells by at least two independents.




PCBP1 Coordinately Favors Tumor Cell Apoptosis

Given that autophagy plays different roles in tumorigenic outcome, to examine tumor cell fate upon autophagy retardation by PCBP1 in the normal culture conditions, we analyzed the apoptotic status of cells with PCBP1 aberrant overexpression. In line with our previous observation (Zhang et al., 2016), compared with the parent control cells, the PCBP1 aberrant expression obviously increased the cleaved-caspase-8 (c-caspase-8), cleaved-caspase-3 (c-caspase-3), and cleaved-PARP (c-PARP) levels in DLD-1 cells, as well as in A2780 cells with the exception of the caspase-8, which may be due to the cell type context specificity. Those results consistently suggested that PCBP1 could instinctively drive cell apoptosis, while suppressing autophagy (Figure 6A). On the contrary, the instinct apoptotic signals attenuated in both PCBP1 depletion cells (Figure 6B). Upon autophagy blockade with CQ treatment in nutrient-sufficient condition, the apoptotic status was increased at the relative level in the parental cells which is similar to that in PCBP1-overexpressing cells (Figure 6C), demonstrating that the high level of p62 induced by PCBP1 can somehow enhance apoptosis. This observation is in line with the notion that p62 is indeed involved in cell death regulation (Zhang et al., 2016; Tao et al., 2020). To confirm the physiological outcome, we conducted cell proliferation assay and showed that PCBP1 overexpression delayed cell proliferation in normal condition, compared with the control cells; while inhibition of intrinsic autophagy with CQ treatment in both the parental control cell and PCBP1 overexpressing cells efficiently repressed the cell proliferation, further indicating this intrinsic autophagy benefits to cell proliferation (Supplementary Figure 5). Apoptosis analysis also showed overexpression of PCBP1 could even favor tumor cell apoptosis in normal culture condition (Figure 6D). Together, our results clearly demonstrated that PCBP1 coordinately inhibits intrinsic tumor cell autophagy and favors cell apoptosis for tumorigenesis inhibition.


[image: image]

FIGURE 6. PCBP1 overexpression enhances caspases activation for apoptosis. (A) Immunoblots of p62, PARP and caspases and their cleaved forms in A2780 and DLD-1 cells with PCBP1 and GFP overexpression at least two independents. (B) Immunoblots of p62, PARP and caspases and their cleaved forms in A2780 and HCT-116 cells with endogenous PCBP1 knockdown (KD), compared with A2780 and HCT-116 GFP controls by at least two independents. (C) Upon CQ treatments for 24 h, immunoblots of PARP, caspases and their cleaved forms in A2780 and DLD-1 cells with PCBP1 and GFP overexpression at least two independents. Arrows point and show the molecular weight of each protein. The cleaved forms of these proteins are shown as c-protein. (D) Flow cytometric analyses of the percentages of apoptotic cells in A2780 cells with PCBP1 overexpression, compared with the A2780 GFP control cells by at least two independents. Overall percentages of apoptotic cells are defined as the sum of Annexin-V positive cells.




Clinicopathological Correlation of PCBP1, p62, and Caspase-8 in Ovarian Cancer

To validate if there is a general clinicopathological correlation between PCBP1 and p62, p62 expression was examined with IHC in another set of the serial sections of ovarian tissues. IHC results revealed that p62 was similarly detectable in ovarian cancer adjacent tissues, and subdued in ovarian tumor samples (Figure 7A and Supplementary Figure 6A). Moreover, similar to PCBP1 expression pattern in ovarian sample, we observed statistically significant p62 expression decrease in ovarian cancer samples vs. the adjacent samples (Figure 7B). However, there was no difference between pT3 group (tumor with micro-metastasis of extra pelvic peritoneum confirmed by microscope) vs. pT1/2 group (tumor with or without pelvic spread) tumors (p = 0.5920) (Figure 7C), late clinical stage (stages III and IV) vs. early clinical stages (stages I and II) (p = 0.8129) based on clinical features (Figure 7D), positive lymph node and distant metastasis statues vs. those with negative status (p = 0.9531) (Supplementary Figure 6B). Furthermore, we also observed that p62 is consistently higher in PCBP1 positive-adjacent tissue, while consistently lower in pT1 (without pelvic spread) and pT3 tumor tissue with downtrend (Figure 7A). To thoroughly validate the relationship between PCBP1, p62 and apoptosis in tumor samples, we use the same batch of ovary cancer samples to check these 3 protein expressions at same time (Figure 7E and Supplementary Figure 6C). IHC results also showed that PCBP1 expression was positively correlated with p62 expression (Supplementary Figure 6D, R2 = 0.506) and Caspase-8 expression levels (Supplementary Figure 6E, R2 = 0.447) in ovarian tumor samples, respectively. In line with the above observation, the correlation analysis indicated that p62 is positively correlated with Caspase-8 as well (Supplementary Figure 6F, R2 = 0.598), which is upregulated in ovarian tumor adjacent tissues and is downregulated in ovarian tumor tissues. Overall, we found that PCBP1, p62, and Caspase-8 expression levels were correlated with each other in ovarian cancers (Figure 7 and Supplementary Figure 6).
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FIGURE 7. Relevance of PCBP1 to p62 and caspase 8 in ovary cancers. (A) Representative immunohistochemistry (IHC) analysis of p62 expression in the paired adjacent normal tissues and their ovarian tumor samples. pT1, tumor without pelvic spread; pT3, tumor with micro-metastasis of extra pelvic peritoneum confirmed by microscope. (B) Statistical comparison of p62 expression between normal and tumor tissues detected in (A). (C) Statistical comparison of p62 expression between the pT1/2 group (tumors with or without pelvic spread) and the pT3 group (tumors with micro-metastasis of extra pelvic peritoneum confirmed by microscope). (D) Statistical analysis of p62 expression with tumor progression (clinical stage). (E) Representative PCBP1, p62 and caspase 8 expressions in a same ovary tumor sample with clinical stage IV. All images in are photographed with 200X amplification. Scale bars on equal to 100 μm. *P < 0.05; **P < 0.01; ns, no significance.




DISCUSSION

Accumulating evidence indicates that autophagy has complicated effects in tumorigenesis, which are dependent on the tumor developmental stage. For instance, it is documented that autophagy induction is well correlated to the worse prognosis in ovarian carcinoma (Zhao et al., 2014), but other study in turn indicates that autophagy accompanies higher overall survival of the ovary cancer patient, as high autophagic flux could sensitize the tumor cells to chemotherapy (Valente et al., 2014). Considering our previous result (Zhang et al., 2016), we assume that that once cells get transformed, the intrinsic autophagy would promote tumor cell survival in both nutrition-efficient and -deprived conditions, as long as the autophagy level (or intensity) is not too high. PCBP1 may naturally suppress or balance the intrinsic basal cell autophagy for cell homeostasis maintenance, as PCBP1 can affect various autophagy-related genes expression at the different autophagic stages, including the autophagy initiation-related genes ULK, ATG12 and ATG7, the autophagosome formation, LC3B, the autophagosome-lysome fusion, p62 in nutrient-efficient condition (Figure 5), which is usually characterized in the nutrient-deficient condition. As PCBP1 expression is shown to be broadly reduced in many types of tumor (Guo and Jia, 2018), our results here further demonstrate that PCBP1 represses intrinsic autophagic levels in both ovary tumors and colon tumors, indicating that p62 would be an general accompanying marker for other types of PCBP1-depleted tumors.

As an RNA-binding protein, PCBP1 can modulate multiple genes expressions on different expression levels, including RNA stability, RNA folding, splicing, translation, etc. Coordination regulation is also a conserved and efficient regulatory strategy to control expression of genes involved in sustaining organism homeostasis upon environmental changes. PCBP1, likely as a critical multifaceted gene may generally conduct such coordinated function via its RNA binding feature. Whether all these autophagy-related genes share a conserved RNA-binding sequence would be further investigated.

Currently, it is recognized that the exact role of autophagy in tumor progression is attributed to the component in tumor cells, tumor stages, physiological and tumor microenvironment (Levine, 2007; Mizushima, 2007; Galluzzi et al., 2015). At the early stages of tumorigenesis, when tumor vascular supply is limit, autophagy serves as a pro-survival mechanism for tumor cell by consuming its own unnecessary materials (Degenhardt et al., 2006; Levine, 2007; Huang et al., 2014). In line with this, our results thus have shown that for the tumor progression, in some circumstances, PCBP1 expression is inevitably repressed to induce relatively high autophagic level (Figures 1B, 7B).

Our results also demonstrate that there is no obvious PCBP1 expression difference among tumors from stage I + II groups to stage III + IV groups, but the clear deference between tumors and normal tissues (Figure 1F). Similarly, p62 expression is evidently reduced in tumors, compared with the normal tissues, but no clear alteration among tumors, regarding tumor stages and metastatic states (Figures 7B–E), indicating that PCBP1-p62 signaling axis may play repressive role only in the tumor initiation stage. Thus, PCBP1 would be an early tumor suppressor gene. However, the PCBP1 knock out animal model would be useful to validate whether a spontaneous tumorigenesis will occur along with aging. In addition, PCBP1 not only functions via autophagy, but other manners to interfere with tumor progression, for example, tumor cell cycle modulation (Shi et al., 2018), as tumor cell cycle can be modulated by particular autophagy during cancer development and by therapy (Zheng et al., 2019).

Interplay between autophagy and apoptosis is another complex phenomenon. Recent study disclosed that p62 plays a bridge role in autophagy and apoptosis through its adaptor protein feature (Moscat and Diaz-Meco, 2009). p62, as a substrate of autophagy, is usually used as a marker to examine autophagy completion status. Because p62 contains several interaction domains to many signaling molecules for their proteasomal degradation (Bardag-Gorce et al., 2005; Moscat and Diaz-Meco, 2009; Zheng et al., 2019), monitoring p62 degradation thus cannot accurately evaluate the exact autophagic flux or autophagy outcome. In line with this notion, our results here show more evidence that p62 can be regulated by three different ways by PCBP1, including inhibitions of both autophagy- and proteasome-mediated p62 degradation, as well as increase p62 mRNA stability (Figures 4, 8), which further indicates that p62 is not an ideal marker for detection of autophagy maturation. On the other hand, it is known that p62 can associate with caspase-8 and the subsequent apoptotic pathway (Jin et al., 2009; Yan et al., 2019). Likewise, our results here explain the reason why PCBP1 downregulation or depletion would be an important strategy to tumor cell survival by downregulations of p62 and caspase-8 (Figure 7 and Supplementary Figure 6). Whether this hypothesis is valid, future work needs to be further studied in the appropriate tumor models.
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FIGURE 8. Schematic model of PCBP1 in regulating p62/SQSTM1 to repress tumor progression.


Overall, our results provide a potential concept that autophagy inhibition could be an efficient strategy to induce malignant tumors to undergo apoptotic cell death, when PCBP1 depletion. In line with our results, it is reported that inhibition of autophagy with both 3-MA and CQ leads to apoptosis in both ovarian and colorectal cancer cells (Huang et al., 2014; Lu et al., 2014; Tang et al., 2015).

In summary, combining our current and previous results, we conclude that PCBP1 plays a coordinate role in inhibiting tumorigenesis via blocking autophagy, and in turn promoting tumor cell apoptosis (Figure 8). Therefore, inhibition of the autophagy in PCBP1-depleted tumors could be a promising therapeutic strategy.
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FIGURE S1 | Scores of PCBP1, p62, and caspase 8 expression based on IHC staining intensity.

FIGURE S2 | PCBP1 protein expression in the paired adjacent normal and tumor regions of human colorectal cancer. (A) Representative IHC staining of PCBP1 protein expression in the paired adjacent normal and tumor regions of colorectal. Scale bars are equal to 50 μm. (B) Statistical analysis of PCBP1 in 10 paired fresh normal and malignant tissues of colorectal tissues. The paired Student’s t-test was carried out to check the group difference. p-values are shown.

FIGURE S3 | Endogenous PCBP1 knockdown increases autophagic flux. (A) Immunoblots of PCBP1 in the A2780, SKOV3, DLD-1, and HCT-116 cell lines. (B) Immunoblots of PCBP1 by the specific siRNA transfection. (C) Western blots of LC3 B in the indicated cells with GFP-PCBP1 (PCBP1) and the GFP-expressing control cells. GAPDH is used as a loading control. Protein bands’ intensity ratio of LC3II to GAPDH were quantified and normalized, and shown under each lane, respectively.

FIGURE S4 | Genes precipitated in PCBP1 antibody-mediated RNA IP. The bound mRNAs are identified by RNA sequencing. Copy number of each gene is indicated in Y-axis, and the total number of PCBP1-bound mRNAs are shown in X-axis. –Autophagy-related ATG7 and ATG 12 are shown in the lower panel in red.

FIGURE S5 | (A,B) CCK8 cell proliferation analyses of A2780 (A) and DLD-1 (B) cells with exogenous PCBP1 in the absence or presence of autophagic inhibitor CQ at 50 μM. Data presented are mean ± SD. NS, No Significance; *P < 0.05; **P < 0.01; ***P < 0.001, n = 3.

FIGURE S6 | Relevance of PCBP1 to p62 and caspase 8 in ovary cancers. (A) Representative immunohistochemistry (IHC) analysis of p62 expression in the paired adjacent normal tissues and ovarian tumor samples. All images are photographed with 200X amplification. Scale bars in Supplementary Figures 6A,E equal to 100 μm. (B) Statistical comparison of p62 expression between primary and metastatic tumor tissues. (C) Representative immunohistochemistry (IHC) analysis of PCBP1, p62, and caspase 8 expressions in the same typical patient stages I–III. All Images are photographed with 200X amplification. Scale bars equal to 100 μm. (D) Correlationship of PCBP1 expression to p62. (E) Correlationship of PCBP1 expression to caspase-8. (F) Correlationship of p62 expression to caspase-8. (G) Correlationships among PCBP1, p62, and caspase 8 expressions in 90 ovary tumor samples.

TABLE S1 | Primers used for RT-PCR amplification in this study.


ABBREVIATIONS

 3-MA, 3-Methyladenine; Act D, Actinomycin D; ANOVA: Analysis of Variance; A 5TG, Autophagy-related gene; CQ, Chloroquine diphosphate salts; IHC, I b mmunohistochemistry; KD: knock down; LC3B, Microtubule-associated protein Light Chain 3B; OCs, Ovarian cancer specimens; p62, p62/SQSTM1; PARP, Poly (ADP-ribose) polymerase; PCBP1, Poly C Binding Protein 1; PFA, Paraformaldehyde; RT-PCR, Reverse transcriptase-polymerase chain reaction; SDS-PAGE, SDS-polyacrylamide gel electrophoresis.
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