

  ijms-19-01768




ijms-19-01768







Int. J. Mol. Sci. 2018, 19(6), 1768; doi:10.3390/ijms19061768




Article



Overexpression of CBX3 in Pancreatic Adenocarcinoma Promotes Cell Cycle Transition-Associated Tumor Progression



Lian-Yu Chen 1,2[image: Orcid], Chien-Shan Cheng 1,2[image: Orcid], Chao Qu 1,2, Peng Wang 1,2, Hao Chen 1,2, Zhi-Qiang Meng 1,2 and Zhen Chen 1,2,*





1



Department of Oncology, Shanghai Medical College, Fudan University, Shanghai 200032, China






2



Department of Integrative Oncology, Fudan University Shanghai Cancer Center, Shanghai 200032, China









*



Correspondence: zchenzl@fudan.edu.cn; Tel.: +86-21-6417-5590 (ext. 83628)







Received: 2 May 2018 / Accepted: 12 June 2018 / Published: 14 June 2018



Abstract

:

Background: Previous studies showed that Chromobox protein homolog 3 (CBX3) was overexpressed in several types of human cancers, however its pattern and role in pancreatic adenocarcinoma (PAAD) has not yet been understood. The aim of this study was to identify the expression and function of CBX3 in PAAD. Methods: Data of transcriptomic and protein expression of CBX3 in PAAD were collected from different databases and analyzed. The in vitro and in vivo role of CBX3 in PAAD was examined. Results: CBX3 was overexpressed in human PAAD tissues, which was associated with poor prognosis of overall and disease-free survival of the patients. Overexpression of CBX3 induced the in vitro proliferation, anchorage-free growth, migration and invasion of the PAAD cells, and led to in vivo growth of orthotoptic PAAD tumors in mice. GO and KEGG pathway analysis, as well as experimental observation showed that CBX3 may be associated with cell cycle transition of PAAD cells, and cyclin-dependent kinase 1 (CDK1) and proliferating cell nuclear antigen (PCNA) may mediate the tumor-promoting action of CBX3. CDK1 knockdown attenuated the cell cycle transition, proliferation and invasion of CBX3-overexpressing PAAD cells. Conclusion: Our findings suggest the tumor-promoting role of CBX3 in PAAD to be targeted by novel therapeutic strategies.
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1. Introduction


Pancreatic cancer is one of the most malignant human cancers all over the world [1]. The most common type of human pancreatic cancers is pancreatic adenocarcinoma (PAAD), which accounts for more than 85% cases of pancreatic cancers [2]. Responsible for around 7% cancer-associated death in both men and women, the morbidity and mortality of PAAD is still rising, especially in developed countries [3]. By 2030, pancreatic cancer has been predicted to be the second leading causes of cancer-related death in the United States [4] and Germany [5]. Mechanisms underlying the tumorigenesis of PAAD remain to be explored, however, genetic factors as well as medical history of chronic pancreatitis, diabetes and obesity are considered to be the risk factors of PAAD [6]. Life styles such as alcohol consumption and smoking are associated with PAAD incidence [7]. Early diagnosis of PAAD seems difficult, as its symptoms at the early stage are not very observable and distinctive. Diagnosis often at late stage has made prognosis of PAAD very poor as cancer cells may have spread to other parts of the body [8]. Surgery is still the major management in PAAD with intension of cure; unfortunately, only around 20% of cases are suitable for surgical operation [9]. Non-invasive treatments such as chemotherapy and radiotherapy gain very poor outcome as PAAD cells are highly resistant [10]. In this case, identification of the pathological basis as well as molecular target of PAAD is quite necessary and emerging.



The Chromobox protein homolog 3 (CBX3) encodes a heterochromatin protein 1γ (HP1γ) in human cells that binds DNA as a component of heterochromatin. Some recent studies have identified the expression and role of CBX3 in different type of human cancers. In prostate cancer, CBX3 expression was elevated, and might be an independent factor to predict the biochemical recurrence of prostate cancer after radical prostatectomy [11]. CBX3 expression was increased in human colorectal cancer and promoted in vitro and in vivo proliferation of the tumor cells, which was associated with its regulation on CDKN1A in colorectal cancer cells [12]. Further study demonstrated that CBX3 can suppress the transcription of CDK6 and p21, the negative cell cycle regulators, and promote proliferation of colorectal cancer cells [13]. Similar observation was obtained in tongue squamous cell carcinoma, in which overexpression of CBX3 inhibited p21 and promoted G1/S cell cycle transition [14]. In addition, CBX3 was found overexpressed in breast cancer and non-small cell lung cancer tissues, and its expression may predict the poor prognosis of patients with these cancers [15,16]. A recent study showed that CBX3 deficiency may mitigate the tumor burden in mice with treatment of tumor-killing CD8+ cells, further suggesting its rational role as a therapeutic target in solid tumor treatment [17]. These increasing lines of evidence have suggested the important role of CBX3 in the progression and treatment of human cancers, however, the expression and mechanism of action of CBX3 in pancreatic cancer has not yet been fully understood.



In this study, we aimed to explore the expression and function of CBX3 in pancreatic cancer. We extracted transcriptomic data of human PAAD tissue from GEO database and compared the expression of CBX3 in PAAD and non-tumor tissues from two datasets. Overexpression of CBX3 in PAAD cells was achieved by Crispr-cas9 activation, and in vitro and in vivo tumor cell growth and invasion was measured. Correlation and gene ontology analyses were performed to understand the mechanism network of CBX3 that may be involved.




2. Results


2.1. CBX3 Was Overexpressed in PAAD and Predicted Poor Prognosis of Patients


The role of CBX3 has been studied in various types of human cancers, such as breast cancer, non-small cell lung cancer, colorectal carcinoma and prostate cancer. However, its role and significance in PAAD is not yet understood. To identify the clinical significance of CBX3 in PAAD, we first extracted expression data of CBX3 from two released GEO microarray datasets examining human PAAD and non-tumor pancreas transcriptomic profiles. In both datasets, GDS4336 and GDS4103, expression of CBX3 was found significantly elevated in PAAD tissues compared with non-tumor pancreas (Figure 1a). This was further supported by the expression of CBX3-encoding protein, Heterochromatin protein 1γ (HP1γ). As examined by Human Protein Atlas project, HP1γ was highly expressed in PAAD tissues compared with non-tumor pancreas (Figure 1b). These data suggested the differential expression of CBX3 gene in PAAD. To further understand the prognosis value of CBX3 overexpression in PAAD, we collected patient survival information from TCGA database. The result showed that high expression of CBX3 in PAAD tissues predicted a poor prognosis of cancer patients in overall survival (Figure 1c). Its expression was also inversely associated with the disease-free survival of PAAD patients who received primary treatment (Figure 1d). In addition, expression of CBX3 is slightly associated with stage progress of PAAD, in which late stage patients seemed to have higher expression pattern of CBX3 in tumor tissues (Figure 1e). These findings revealed that CBX3 may be correlated as a tumor-promoting factor with PAAD progression.




2.2. CBX3 Promoted the In Vitro Proliferation and Invasiveness of PAAD Cells


To understand if CBX3 can promote tumor cell proliferation and invasion in PAAD, we introduced Crispr-cas9 activation plasmid to induce overexpression of CBX3 in PAAD cell line KP3L and PANC-1. Stable expression of CBX3 Crispr-cas9 activation plasmid increased the HP1γ protein expression, as proved by Immunoblotting (Figure 2a). Cell count on the proliferation of KP3L and PANC-1 cells expressing scramble vector (KP3L/WT and PANC-1/WT. respectively) and KP3L and PANC-1 cells expressing CBX3-activation plasmid (KP3L/CBX3 and PANC-1/WT, respectively) showed that induced expression of CBX3 can accelerate cell proliferation (Figure 2b). To further confirm the role of CBX3, we then knockdown the expression of CBX3 in PANC-1 cells using RNA interference (Figure 2c). Knockdown of CBX3 in PANC-1 cells reduced its proliferation, further proving that CBX3 play a promoting role in PAAD cell proliferation (Figure 2d). Soft agar assay examining the colongenic property of anchorage-independent tumor cells revealed that CBX3 overexpression increased the anchorage-free growth of PAAD cells (Figure 2e). These findings have suggested that CBX3 may play an important role in promoting tumor cell proliferation in PAAD. In addition, overexpression of CBX3 increased the movement of KP3L and PANC-1 cells towards the wound center in wound healing assay (Figure 2f), as well as promoted their invasion through extracellular matrix (Figure 2g), suggesting that CBX3 overexpression can result in increasing aggressiveness of PAAD cells.




2.3. CBX3 Overexpression Accelerated In Vivo Tumor Progression of PAAD


To further understand the in vivo oncogenic role of CBX3 overexpression, we established the PAAD orthotopic implantation model in athymic nude mice. KP3L cells expressing luciferase reporter were injected into the pancreas of nude mice to allow non-invasive live imaging of tumor growth. It was observed that overexpression of CBX3 in KP3L cells promoted the orthotopic growth of tumor cells by time (Figure 3a), as evidenced by the quantification of luciferin signal intensity (Figure 3b). At the end of the study, mice were sacrificed and pancreas was dissected out. Observation on the size of implanted tumor on pancreas proved that CBX3 overexpression can significantly accelerate tumor growth (Figure 3c). To further understand the action of CBX3, we performed histological analysis on the Haemotoxylin and Eosin (H&E) stained slides of tumor tissue. CBX-overexpressing tumor was found to contain more cell undergoing mitotic proliferation, as evidenced by condense chromosome presentation (Figure 3d). This further demonstrated that CBX3 overexpression can increase tumor growth. Taken together, both in vitro and in vivo evidence suggested that CBX3 play a tumor-promoting role in PAAD.




2.4. CBX3 May Be Involved in the Regulation of Cell Cycle Progression of PAAD


CBX3 has been observed to mediate various cellular action in different cancer cells. To predict the mechanism underlying its tumor-promoting activity in PAAD, we first extracted genes that were predicted to have median-to-strong correlations with CBX3 in PAAD. Only genes that had a Pearson’s correlation >0.4 or <−0.4, and spearman’s correlation >0.4 or <−0.4, were included. Overall, 241 genes were shown to be positively correlated with CBX3 while 55 had inverse correlation. These genes were put into David analysis to annotate the possible biological process (BP), cellular component (CC) and molecular function (MF) involved (Figure 4a). Interestingly, it was found that a majority of gene ontology (GO) items was related to the DNA replication and cell cycle regulation. Genes related to these activities were selected and we found that 16 genes were shared in common among the three GO enrichments, indicating the core role of these genes (Figure 4b). KEGG pathways that may be involved were also annotated, and the result, which was similar to the GO analysis, showed that CBX3 may be associated with genes in the pathways regulating cell cycle (Figure 4c). To further find the key genes that are associated with CBX3’s action, we overlapped the common genes from GO analysis and those from KEGG analysis. Two genes, named CDK1 and PCNA, were potentially core elements in both analyses (Figure 4d). To understand the clinical significance of the correlation, we analyzed the expression pattern of CBX3 in association with either CDK1 or PCNA in PAAD tissues. It was confirmed that, in PAAD tissues, expression of CDK1 and PCNA were positively correlated to CBX3, further suggesting that the regulation of CBX3 on PAAD progression may be related to CDK1 and PCNA.




2.5. CBX3 May Be Involved in the Regulation of G2/M Transition of PAAD Cells


The Cyclin dependent kinase 1 (CDK1) is an important regulator of cell cycle transition, where it forms a regulatory element with Cyclin B1 during the progression from G2 phase to M phase [18]. CDK1 overexpression has been documented in various kinds of human cancers, and was found to be correlated with rapid progression of tumor [19,20,21,22]. The proliferating cell nuclear antigen (PCNA) is a facilitative element during DNA synthesis during the proliferation and spreading of tumor cells [23]. To further understand of role and regulation of CBX3, we first examined the expression of CDK1 and PCNA in CBX3-overexpressing PAAD cells. It was observed that upon induction of CBX3, CDK1 and PCNA were elevated (Figure 5a), which was consistent with their clinical patterns. The increased mRNA of CDK1 and PCNA in CBX3-overexpressing PAAD cells resulted in an induction of both proteins (Figure 5b). To further identify the functional role of CBX3 in cell cycle progression, especially CDK1-associated G2/M transition, we performed cell cycle analysis on KP3L/CBX3 cells. Cells were pretreated with Ro-3306, a CDK1 inhibitor. Treatment of Ro-3306 resulted in halt of cell cycle at G2 phase (Figure 5c). Ro-3306 was then withdrawn to release the cell cycle. It was found that CBX3 overexpression can proceed a higher transition from G2 phase after Ro-3306 withdrawal. Compared with KP3L/WT cells, KP3L/CBX3 had lower portion of cells staying at G2 phase (Figure 5c). Furthermore, CBX3 overexpression increase the mitotic index of KP3L cells after release, indicating a faster dividing and expansion of CBX3-overexpressing KP3L cells. These finding suggested that CBX3 may mediate a CDK1-associated cell cycle progression in PAAD cells.




2.6. The Regulation of Cell Cycle Transition by CBX3 Is Mediated by CDK1


To further examine if the regulation of CBX3 on cell cycle progression was mediated by the presence of CDK1, we used RNA interference to transiently knockdown the CDK1 in KP3L/CBX3 cells. Transfection of shRNA against CDK1 successfully reduced CDK1 expression in KP3L/CBX3 cells (Figure 6a). Knockdown of CDK1 in CBX3-overexpressing cells arrested cell cycle at G2/M phase, as evidenced by more cells distributed at G2/M checkpoint (Figure 6b). Knockdown of CDK1 reduced the mitotic index of CBX3-overexpressing cells (Figure 6c). This resulted in reduced in vitro proliferation of CBX3-overexpressing cells (Figure 6d), as well as the anchorage-free growth of tumor cells (Figure 6e). Migration and invasion of CBX3-overexpressing PAAD cells was also suppressed by CDK1 knockdown (Figure 6f,g). These findings suggested that the tumor-promoting effect of CBX3 may be mediated by CDK1 in PAAD cells.





3. Discussion


The human CBX3 gene encodes a protein named HP1γ that belongs to heterochromatin protein 1 (HP1) family. Proteins in this family were originally identified to lie at the core of the most conserved form of heterochromatin, which contains gene-poor and transcriptionally repressed regions [24]. In this case, HP1 proteins were initially regarded to function for heterochromatin spread and chromatin condensation [25]. However, more and more recent studies have revealed their new role as an epigenetic factor in transcription activation and elongation, sister chromatid cohesion, chromosome segregation, telomere maintenance, DNA repair, and RNA splicing [26]. The three paralogs of HP1 proteins, HP1α, HP1β and HP1γ, may have distinctive localizations and functions during gene regulation. In cancers, expression of HP1 proteins may be differential, which suggests their different roles in cancer progression by mediating regulation on gene expression [27]. The expression of proteins in HP1 family was differential in cancers, in which HP1α and HP1β was found down-regulated and HP1γ was overexpressed. While the expression and function of HP1γ has not yet been studied, there were a few of previous discussion and observation on the dysregulation of HP1α and HP1β in cancers. Early assumption on the de-regulation of HP1 in cancers referred to the observation that mutation might occur on the gene regions encoding these proteins [27]. However, recent studies showed that dysregulation of HP1 proteins can be mutation-independent. In breast cancer, transcription factor Yin Yang 1(YY1) was suggested to be responsible for the reduced expression of HP1α [28]. In ovarian cancer, expression of HP1α was repressed by Bromodomain-containing protein 4 (BRD4), which defects DNA damage response to facilitate tumorigenesis [29]. Defective type III secretion mxiD Shigella flexneri strain can lead to more phosphorylation of HP1γ protein and regulated its activity, which might be related to the infections-controlled HP1γ protein. Thus far, there were no clear evidence indicated how HP1 proteins were dysregulated in pancreatic cancers, as the role of HP1 proteins in PAAD is still under investigation. Mechanisms underlying dysregulation of HP1 proteins in PAAD shall be studied in detail in the soon future. In our study, we found that overexpression of CBX3 gene resulted in HP1γ production, and up-regulated the mRNA and protein levels of CDK1 and PCNA, suggesting a transcriptional activation mechanism may be involved in the HP1γ-mediated regulation of CDK1 and PCNA expression in PAAD. Some previous studies have shown that expression of HP1γ may transcriptionally repress the expression of tumor suppressive p21 gene through regulating the methylation of histone H3K9 on its promoter [12]. HP1γ was therefore considered to be associated with histone methylation and disassembly of transcription factor on some particular genes [30,31]. Nonetheless, the regulation of HP1γ on gene expression can result in transcriptional activation as well. A study by Eguchi et al. revealed that HP1γ was associated with the transcription of HSP70’B mRNA by cooperating with the hemopexin-like repeat domain of MMP3 protein and allows its DNA assembly at the promoter region [32]. Alternatively, it was found that HP1γ can promote the gene expression through inducing efficient RNA splicing [33]. The role of HP1γ in mediating efficient RNA processing can be related to the recruitment of splicing regulator SRSF1, which was found in the alternative splicing of VEGFA mRNA [34], without altering its mRNA expression. As both mRNA and protein levels of CDK1 and PCNA were responsible to CBX3 expression, it might be postulated that CBX3-encoding HP1γ may act as a co-operator of CDK1 and PCNA transcription factor to facilitate its promoter binding capacity and therefore promote gene transcription. The exact mechanism underlying the regulation of HP1γ on the expression of CDK1 and PCNA may need further exploration.



We observed that CDK1 may mediate the tumor-promoting role of CBX3 in PAAD (Figure 7). CDK1 is the determinant factor of mitotic entry in mammalian cells. It was concluded by knockdown experiment that CDK1 was required for the proliferation of mammalian cells as it was the only initiator of mitotic onset [35]. Moreover, in cells absent of other CDKs, CDK1 can execute all the events that are required for cell cycle division, indicating that CDK1 is sufficient for the proliferation of mammalian cells [36]. In PAAD, CDK1 overexpression was found in 54.8% of patients, and overexpression of CDK1 was directly related to lymph node metastasis and Ki-67 labeling index (LI) [37]. Inhibition of CDK1 activity can successfully suppress the in vitro and in vivo tumor growth of PAAD, further proving the pivotal role of CDK1 pathway in PAAD progression [38]. In our study, we found that knockdown of CDK1 induced the G2/M cell cycle arrest in CBX3-overexpressing cells, suggesting that the role of CBX3-induced CDK1 may be associated with the cell cycle transition of PAAD cells. Increased expression of CDK1 may recruit Cyclin B1 to form a protein complex that promotes anaphase transition and cell proliferation [39]. Furthermore, we found that knockdown of CDK1 may down-regulate the migration and invasion of CBX-overexpressing PAAD cells. Knockdown of CDK1 was found to defect cell migration in non-small cell lung cancer [40]. CDK1 may facilitate cell migration and invasion with multiple signaling pathways involved, including YAP [41] and HIF1α [42]. In pancreatic cancer, it was also observed that CDK1 can phosphorylate Vgll4, which in consequence activates the Hippo and Wnt pathways [43]. As Hippo and Wnt pathways may be involved in not only proliferation but also invasiveness of pancreatic cells, our observation as well as literature study suggests that CBX3-driven CDK1 expression may play an important role in the tumorigenesis of PAAD.




4. Materials and Methods


4.1. Chemicals, Antibodies, and Plasmids


The CDK1 inhibitor Ro-3306 and 4′,6-diamidino-2-phenylindole (DAPI) was purchased from Sigma-Aldrich Saint Louis, MO, USA). Antibodies against HP1γ, PCNA and CDK1 were obtained from Cell Signaling Technologies (Danvers, MA, USA). Control and CBX3 Crispr activation plasmids, scramble negative control, CBX3 siRNA and CDK1 siRNA were purchased from Santa Cruz Biotechnologies (Dallas, TX, USA).




4.2. Cells and Cell Culture


KP3L cells expressing luciferase reporter were purchased from JCRB cell bank (Tokyo, Japan). Cells were cultured in RPMI1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin (Thermofisher, Waltham, MA, USA) in humidified condition with 5% CO2 at 37 °C. PANC-1 cells were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were maintained in DMEM medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin (Thermofisher) in humidified condition with 5% CO2 at 37 °C.




4.3. Animal Study Protocol


Protocol of animal study was reviewed and approved by the ethic committee of the department of laboratory animal science, Fudan University (Ref. No. 20160673A040, Date of Approval: 18 February 2016). The orthotopic PAAD orthotopic murine model was established as previously described [44]. In brief, five-week-old female athymic nude mice were anesthetized with 100 mg/kg ketamine and 10 mg/kg xylazine. Then, 2 × 106 KP3L cells mixed with Matrigel matrix (BD Bioscience, San Jose, CA, USA, 1:1 v/v) were injected into the tail of the pancreas via laparotomy. Each group contained 5 mice. Tumor growth was imaged under live animal imager (IVIS Spectrum, Perkin-Elmer, Waltham, MA, USA) once per week for three weeks. At the end of study, mice were sacrificed with overdose of pentobarbital (200 mg/kg, i.p.) and tumor-bearing pancreas was dissected out. Histological analysis using H&E staining was performed and images were captured under light microscope (400× magnification, Leica, Wetzlar, Germany).




4.4. Soft Agar Assay


Soft agar assay was performed to measure the anchorage-free growth of tumor cells. In brief, 1.5 mL culture medium containing 0.5% agar was added to 6-well tissue culture plate and set aside for 5 min to solidify the agar layer. Then, 1.5 mL culture medium containing 0.35% agar and 20,000 tumor cells was added to the top layer and left until the top layer was solid. Two milliliters of culture medium were then added and the plate was cultured at 37 °C for 14 days. At the end of the experiment, cells were stained with 0.005% crystal violet for 1 h and images were captured under Chemidoc Imaging system (bio-rad, Hercules, CA, USA). Number of colony formed was counted.




4.5. Wound Healing and Invasion Chamber Assay


For measuring cell migration, KP3L and PANC-1 cells were cultured in 6-well plate until full coverage. A wound was created by scraping cell layer using a 10 μL pipet tip. Images were captured at 0 and 48 h to observe the wound closure by cell migration. For measuring cell invasion, 1 × 105 KP3L and PANC-1 in serum-free medium was seeded onto the chamber insert (Corning, Corning, NY, USA) coated with Matrigel Matrix (1:3 v/v in cold PBS, BD Bioscience). The received chamber was filled with medium containing FBS. Forty-eight hours after cell seeding, cells attached at the basolateral membrane of chamber insert were fixed and stained with crystal violet. Images were captured under microscope (200× magnification, Leica).




4.6. Quantitative Real-Time PCR


Total RNA was extracted with Trizol reagent (Thermofisher) and first strand cDNA was synthesized (Roche, Basel, Switzerland). Quantitative real-time PCR was performed with SYBR master mix (Roche, USA) on the platform of LC480 (Roche). Primers used were as follows, CBX3: (Forward) 5′-GGTGAACTCTTCAAGTCTCCG-3′, (Reverse) 5′-TTATTGTGCT TCATCTTCAGGACAAG-3′; PCNA (Forward) 5′-GGCTCCATCCTCAAGAAGGT-3′, (Reverse) 5′-AGTCCATGCTCTGCAGGTTT-3′; CDK1 (Forward) 5′-TTTTCAGAGCTTTGGGCACT-3′, (Reverse) 5′-CCATTTTGCCAGAAATTCGT-3′; GAPDH (Forward) 5′-CATGAGAAGTATGACAACAGCCT-3′, (Reverse) 5′-AGTCCTTCCACGATACCAAAGT-3′. Expression of CBX3, PCNA and CDK1 was normalized by GAPDH.




4.7. Immunoblotting


Total protein was extracted with RIPA buffer (Sigma-Aldrich). Protein concentration was determined by BCA method (Bio-rad) and same amount of total protein was loaded to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) for electrophoresis. Protein was then transferred to PVDF membrane (Roche), followed by antigen blocking in TBST buffer containing 5% BSA (Sigma-Aldrich) for 2 h. Primary antibody incubation was performed overnight at 4 °C, followed by appropriate secondary antibody incubation for 2 h at room temperature. Blot was imaged with ECL select (GE Healthcare, Chicago, IL, USA) as substrate in Chemidoc imaging system. Intensity of the target bands were quantified by Image J and normalized by β-actin.




4.8. Quantification of Mitotic Index


Quantification of mitotic index was performed according to previous publication [45]. In brief, cells were fixed with cold methanol/acetone (1:1, v/v) for 10 min followed by DAPI staining for 20 min in dark. Cells were observed under fluorescence microscope and cells with condense nuclear DNA were considered to undergo mitosis. Percentage of mitotic cells out of total viable cells were calculated as mitotic index and data was collected from three independent experiments.




4.9. Statistical Analysis


Comparison was performed with student t-test and p < 0.05 was considered statistically significant.





5. Conclusions


In this study, we identified the pattern, function and regulation of CBX3 in human PAAD. We found that CBX3 mRNA and its encoding protein HP1γ were overexpressed in human PAAD. Overexpression of CBX3 in PAAD patients was negatively correlated with the overall and progression-free survival of patients. In PAAD cells, overexpression of CBX3 induced cell proliferation, migration and invasion, and promoted the in vivo tumor growth in nude mice. GO and KEGG analysis identified that the action of CBX3 in PAAD may involve cell cycle regulation, and cell cycle protein CDK1 and PCNA may be the down-stream target of CBX3. Expression of CDK1 and PCNA in PAAD positively correlated with CBX3. CBX3 promoted cell cycle transition from G2/M checkpoint. Knockdown of CDK1 in CBX3-overexpressing PAAD cells accumulated cells at G2/M phase, which led to reduced cell proliferation, migration and invasion of CBX3-overexpressing PAAD cells. These findings suggest the tumor-promoting role of CBX3 in PAAD and novel therapeutic approaches targeting CBX3 may deserve consideration.







Author Contributions


L.-Y.C. conducted the experiments, analyzed the data and prepared the manuscript; C.-S.C., C.Q. and P.W. conducted the experiments; H.C. and Z.-Q.M. analyzed the data and revised the manuscript; and Z.C. designed the experiments, analyzed the data and prepared the manuscript.




Funding


This work was financially supported by the National Natural Science Foundation of China (81603444 and 81573752) and Shanghai Science and Technology Committee Project (16401932700).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ghaneh, P.; Costello, E.; Neoptolemos, J.P. Biology and management of pancreatic cancer. Gut 2007, 56, 1134–1152. [Google Scholar] [CrossRef] [PubMed]

	



Higuera, O.; Ghanem, I.; Nasimi, R.; Prieto, I.; Koren, L.; Feliu, J. Management of pancreatic cancer in the elderly. World J. Gastroenterol. 2016, 22, 764–775. [Google Scholar] [CrossRef] [PubMed]

	



Crippa, S.; Capurso, G.; Camma, C.; Fave, G.D.; Castillo, C.F.; Falconi, M. Risk of pancreatic malignancy and mortality in branch-duct ipmns undergoing surveillance: A systematic review and meta-analysis. Dig. Liver Dis. 2016, 48, 473–479. [Google Scholar] [CrossRef] [PubMed]

	



Rahib, L.; Smith, B.D.; Aizenberg, R.; Rosenzweig, A.B.; Fleshman, J.M.; Matrisian, L.M. Projecting cancer incidence and deaths to 2030: The unexpected burden of thyroid, liver, and pancreas cancers in the united states. Cancer Res. 2014, 74, 2913–2921. [Google Scholar] [CrossRef] [PubMed]

	



Quante, A.S.; Ming, C.; Rottmann, M.; Engel, J.; Boeck, S.; Heinemann, V.; Westphalen, C.B.; Strauch, K. Projections of cancer incidence and cancer-related deaths in germany by 2020 and 2030. Cancer Med. 2016, 5, 2649–2656. [Google Scholar] [CrossRef] [PubMed]

	



Pandol, S.; Gukovskaya, A.; Edderkaoui, M.; Dawson, D.; Eibl, G.; Lugea, A. Epidemiology, risk factors, and the promotion of pancreatic cancer: Role of the stellate cell. J. Gastroenterol. Hepatol. 2012, 27 (Suppl. 2), 127–134. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Brand, R.E.; Greer, J.B.; Zolotarevsky, E.; Brand, R.; Du, H.; Simeone, D.; Zisman, A.; Gorchow, A.; Lee, S.Y.; Roy, H.K.; et al. Pancreatic cancer patients who smoke and drink are diagnosed at younger ages. Clin. Gastroenterol. Hepatol. 2009, 7, 1007–1012. [Google Scholar] [CrossRef] [PubMed]

	



Kim, V.M.; Ahuja, N. Early detection of pancreatic cancer. Chin. J. Cancer Res. 2015, 27, 321–331. [Google Scholar] [PubMed]

	



Marrocchio, C.; Dababou, S.; Catalano, C.; Napoli, A. Nonoperative ablation of pancreatic neoplasms. Surg. Clin. N. Am. 2018, 98, 127–140. [Google Scholar] [CrossRef] [PubMed]

	



Long, J.; Zhang, Y.; Yu, X.; Yang, J.; LeBrun, D.G.; Chen, C.; Yao, Q.; Li, M. Overcoming drug resistance in pancreatic cancer. Expert Opin. Ther. Targets 2011, 15, 817–828. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Slezak, J.; Truong, M.; Huang, W.; Jarrard, D. Hp1gamma expression is elevated in prostate cancer and is superior to gleason score as a predictor of biochemical recurrence after radical prostatectomy. BMC Cancer 2013, 13, 148. [Google Scholar] [CrossRef] [PubMed]

	



Liu, M.; Huang, F.; Zhang, D.; Ju, J.; Wu, X.B.; Wang, Y.; Wang, Y.; Wu, Y.; Nie, M.; Li, Z.; et al. Heterochromatin protein hp1gamma promotes colorectal cancer progression and is regulated by miR-30a. Cancer Res. 2015, 75, 4593–4604. [Google Scholar] [CrossRef] [PubMed]

	



Fan, Y.; Li, H.; Liang, X.; Xiang, Z. CBX3 promotes colon cancer cell proliferation by CDK6 kinase-independent function during cell cycle. Oncotarget 2017, 8, 19934–19946. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Chen, W.; Fu, X.; Su, X.; Yang, A. CBX3 promotes tumor proliferation by regulating G1/S phase via p21 downregulation and associates with poor prognosis in tongue squamous cell carcinoma. Gene 2018. [Google Scholar] [CrossRef] [PubMed]

	



Chang, S.C.; Lai, Y.C.; Chen, Y.C.; Wang, N.K.; Wang, W.S.; Lai, J.I. CBX3/heterochromatin protein 1 gamma is significantly upregulated in patients with non-small cell lung cancer. Asia-Pac. J. Clin. Oncol. 2017. [Google Scholar] [CrossRef] [PubMed]

	



Liang, Y.K.; Lin, H.Y.; Chen, C.F.; Zeng, D. Prognostic values of distinct CBX family members in breast cancer. Oncotarget 2017, 8, 92375–92387. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Sun, M.; Ha, N.; Pham, D.H.; Frederick, M.; Sharma, B.; Naruse, C.; Asano, M.; Pipkin, M.E.; George, R.E.; Thai, T.H. CBX3/HP1gamma deficiency confers enhanced tumor-killing capacity on CD8+ t cells. Sci. Rep. 2017, 7, 42888. [Google Scholar] [CrossRef] [PubMed]

	



Lim, S.; Kaldis, P. Cdks, cyclins and ckis: Roles beyond cell cycle regulation. Development 2013, 140, 3079–3093. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.; Han, S.X.; Ma, J.L.; Ying, X.; Liu, P.; Li, J.; Wang, L.; Zhang, Y.; Ma, J.; Zhang, L.; et al. The role of cdk1 in apoptin-induced apoptosis in hepatocellular carcinoma cells. Oncol. Rep. 2013, 30, 253–259. [Google Scholar] [CrossRef] [PubMed]

	



Hongo, F.; Takaha, N.; Oishi, M.; Ueda, T.; Nakamura, T.; Naitoh, Y.; Naya, Y.; Kamoi, K.; Okihara, K.; Matsushima, T.; et al. CDK1 and CDK2 activity is a strong predictor of renal cell carcinoma recurrence. Urol. Oncol. 2014, 32, 1240–1246. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Zhao, M.Y.; Auerbach, A.; D'Costa, A.M.; Rapoport, A.P.; Burger, A.M.; Sausville, E.A.; Stass, S.A.; Jiang, F.; Sands, A.M.; Aguilera, N.; et al. Phospho-p70s6k/p85s6k and cdc2/cdk1 are novel targets for diffuse large b-cell lymphoma combination therapy. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2009, 15, 1708–1720. [Google Scholar] [CrossRef] [PubMed]

	



Abdullah, C.; Wang, X.; Becker, D. Expression analysis and molecular targeting of cyclin-dependent kinases in advanced melanoma. Cell Cycle 2011, 10, 977–988. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Strzalka, W.; Ziemienowicz, A. Proliferating cell nuclear antigen (PCNA): A key factor in DNA replication and cell cycle regulation. Ann. Bot. 2011, 107, 1127–1140. [Google Scholar] [CrossRef] [PubMed]

	



Saksouk, N.; Simboeck, E.; Dejardin, J. Constitutive heterochromatin formation and transcription in mammals. Epigenet. Chromatin 2015, 8, 3. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Wang, J.; Jia, S.T.; Jia, S. New insights into the regulation of heterochromatin. Trends Genet. 2016, 32, 284–294. [Google Scholar] [CrossRef] [PubMed]

	



Canzio, D.; Larson, A.; Narlikar, G.J. Mechanisms of functional promiscuity by HP1 proteins. Trends Cell Biol. 2014, 24, 377–386. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Dialynas, G.K.; Vitalini, M.W.; Wallrath, L.L. Linking heterochromatin protein 1 (HP1) to cancer progression. Mutat. Res. 2008, 647, 13–20. [Google Scholar] [CrossRef] [PubMed]

	



Lieberthal, J.G.; Kaminsky, M.; Parkhurst, C.N.; Tanese, N. The role of YY1 in reduced HP1alpha gene expression in invasive human breast cancer cells. Breast Cancer Res. 2009, 11, R42. [Google Scholar] [CrossRef] [PubMed]

	



Pongas, G.; Kim, M.K.; Min, D.J.; House, C.D.; Jordan, E.; Caplen, N.; Chakka, S.; Ohiri, J.; Kruhlak, M.J.; Annunziata, C.M. BRD4 facilitates DNA damage response and represses CBX5/heterochromatin protein 1 (HP1). Oncotarget 2017, 8, 51402–51415. [Google Scholar] [CrossRef] [PubMed]

	



Choi, J.D.; Park, M.A.; Lee, J.S. Suppression and recovery of brca1-mediated transcription by HP1gamma via modulation of promoter occupancy. Nucleic Acids Res. 2012, 40, 11321–11338. [Google Scholar] [CrossRef] [PubMed]

	



Sridharan, R.; Gonzales-Cope, M.; Chronis, C.; Bonora, G.; McKee, R.; Huang, C.; Patel, S.; Lopez, D.; Mishra, N.; Pellegrini, M.; et al. Proteomic and genomic approaches reveal critical functions of h3k9 methylation and heterochromatin protein-1gamma in reprogramming to pluripotency. Nat. Cell Biol. 2013, 15, 872–882. [Google Scholar] [CrossRef] [PubMed]

	



Eguchi, T.; Calderwood, S.K.; Takigawa, M.; Kubota, S.; Kozaki, K.I. Intracellular MMP3 promotes hsp gene expression in collaboration with chromobox proteins. J. Cell. Biochem. 2017, 118, 43–51. [Google Scholar] [CrossRef] [PubMed]

	



Smallwood, A.; Hon, G.C.; Jin, F.; Henry, R.E.; Espinosa, J.M.; Ren, B. CBX3 regulates efficient rna processing genome-wide. Genome Res. 2012, 22, 1426–1436. [Google Scholar] [CrossRef] [PubMed]

	



Salton, M.; Voss, T.C.; Misteli, T. Identification by high-throughput imaging of the histone methyltransferase EHMT2 as an epigenetic regulator of VEGFA alternative splicing. Nucleic Acids Res. 2014, 42, 13662–13673. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Nigg, E.A. Mitotic kinases as regulators of cell division and its checkpoints. Nat. Rev. Mol. Cell Biol. 2001, 2, 21–32. [Google Scholar] [CrossRef] [PubMed]

	



Santamaria, D.; Barriere, C.; Cerqueira, A.; Hunt, S.; Tardy, C.; Newton, K.; Caceres, J.F.; Dubus, P.; Malumbres, M.; Barbacid, M. CDK1 is sufficient to drive the mammalian cell cycle. Nature 2007, 448, 811–815. [Google Scholar] [CrossRef] [PubMed]

	



Ito, Y.; Takeda, T.; Wakasa, K.; Tsujimoto, M.; Okada, M.; Matsuura, N. Expression of the G2-M modulators in pancreatic adenocarcinoma. Pancreatology 2002, 2, 138–145. [Google Scholar] [CrossRef] [PubMed]

	



Feldmann, G.; Mishra, A.; Bisht, S.; Karikari, C.; Garrido-Laguna, I.; Rasheed, Z.; Ottenhof, N.A.; Dadon, T.; Alvarez, H.; Fendrich, V.; et al. Cyclin-dependent kinase inhibitor dinaciclib (SCH727965) inhibits pancreatic cancer growth and progression in murine xenograft models. Cancer Biol. Ther. 2011, 12, 598–609. [Google Scholar] [CrossRef] [PubMed]

	



Catania, M.G.; Mischel, P.S.; Vinters, H.V. Hamartin and tuberin interaction with the G2/M cyclin-dependent kinase CDK1 and its regulatory cyclins A and B. J. Neuropathol. Exp. Neurol. 2001, 60, 711–723. [Google Scholar] [CrossRef] [PubMed]

	



Pu, S.; Zhao, Y.; Zhou, G.; Zhu, H.; Gong, L.; Zhang, W.; Huang, G.; Wang, D.; Liu, D. Effect of CDK1 shRNA on proliferation, migration, cell cycle and apoptosis in non-small cell lung cancer. J. Cell. Physiol. 2017. [Google Scholar] [CrossRef]

	



Yang, S.; Zhang, L.; Liu, M.; Chong, R.; Ding, S.J.; Chen, Y.; Dong, J. CDK1 phosphorylation of YAP promotes mitotic defects and cell motility and is essential for neoplastic transformation. Cancer Res. 2013, 73, 6722–6733. [Google Scholar] [CrossRef] [PubMed]

	



Warfel, N.A.; Dolloff, N.G.; Dicker, D.T.; Malysz, J.; El-Deiry, W.S. Cdk1 stabilizes hif-1alpha via direct phosphorylation of ser668 to promote tumor growth. Cell Cycle 2013, 12, 3689–3701. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, Y.; Stauffer, S.; Zhou, J.; Chen, X.; Chen, Y.; Dong, J. Cyclin-dependent kinase 1 (CDK1)-mediated mitotic phosphorylation of the transcriptional co-repressor Vgll4 inhibits its tumor-suppressing activity. J. Biol. Chem. 2017, 292, 15028–15038. [Google Scholar] [CrossRef] [PubMed]

	



Moreno, J.A.; Sanchez, A.; Hoffman, R.M.; Nur, S.; Lambros, M.P. Fluorescent orthotopic mouse model of pancreatic cancer. J. Vis. Exp. 2016. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Jin, D.Y.; Ng, R.W.; Feng, H.; Wong, Y.C.; Cheung, A.L.; Tsao, S.W. Significance of MAD2 expression to mitotic checkpoint control in ovarian cancer cells. Cancer Res. 2002, 62, 1662–1668. [Google Scholar] [PubMed]








[image: Ijms 19 01768 g001 550] 





Figure 1. CBX3 was overexpressed in PAAD and predicted poor prognosis. (a) Data of CBX3 expression in human PAAD and non-tumor tissues were extracted from GEO dataset GDS4336 and GDS4103. It was shown that CBX3 was highly expressed in PAAD tissue. *** p < 0.001 when comparison was made between groups; (b) Protein expression of CBX3 was accessed from Human Protein Atlas project. Expression of HP1γ in human PAAD slides was significantly increased, as evidence of positive staining of the protein (brown dots). The black arrows showed cells with strong expression of HP1γ; (c) Data of expression of CBX3 and survival time of corresponding patients were extracted from TCGA database. KM plots showed that patients with CBX3 expression higher than median level had shorter overall survival. The area between the upper and lower blue/red dash lines indicated areas within 95% confident intervals (CIs); (d) Data of expression of CBX3 and survival time of corresponding patients were extracted from TCGA database. KM plots showed that patients with CBX3 expression higher than median level had shorter disease-free survival. The area between the upper and lower blue/red dash lines indicated areas within 95% CIs; (e) Data were collected from Gepia database. The results showed that CBX3 was increase during the disease progression of PAAD. 
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Figure 2. CBX3 overexpression increased in vitro proliferation and invasion of PAAD cells. (a) Expression of HP1γ was increased in CBX3-overexpressing KP3L and PANC-1 cells; (b) KP3L and PANC-1 cells with or without CBX3 overexpression were seeded at the density of 104/well and allowed proliferation. Cell number was counted at Day 3, 6 and 9 after seeding. Overexpression of CBX3 significantly accelerated the proliferation of cells; (c) Expression of HP1γ was knocked down in PANC-1 cells with CBX3 siRNA; (d) Knockdown of CBX3 in PANC-1 cells reduced the proliferation rate of the cells; (e) Overexpression of CBX3 maintain the anchorage-free growth of KP3L and PANC-1 cells; (f) Overexpression of CBX3 induced the migration of KP3L and PANC-1 cells towards the center of the wound; (g) Overexpression of CBX3 promoted KP3L and PANC-1 cell invasion through extracellular matrix. In all panels, * p < 0.05, ** p < 0.01 and *** p < 0.001 when comparison was made between groups. 






Figure 2. CBX3 overexpression increased in vitro proliferation and invasion of PAAD cells. (a) Expression of HP1γ was increased in CBX3-overexpressing KP3L and PANC-1 cells; (b) KP3L and PANC-1 cells with or without CBX3 overexpression were seeded at the density of 104/well and allowed proliferation. Cell number was counted at Day 3, 6 and 9 after seeding. Overexpression of CBX3 significantly accelerated the proliferation of cells; (c) Expression of HP1γ was knocked down in PANC-1 cells with CBX3 siRNA; (d) Knockdown of CBX3 in PANC-1 cells reduced the proliferation rate of the cells; (e) Overexpression of CBX3 maintain the anchorage-free growth of KP3L and PANC-1 cells; (f) Overexpression of CBX3 induced the migration of KP3L and PANC-1 cells towards the center of the wound; (g) Overexpression of CBX3 promoted KP3L and PANC-1 cell invasion through extracellular matrix. In all panels, * p < 0.05, ** p < 0.01 and *** p < 0.001 when comparison was made between groups.



[image: Ijms 19 01768 g002]







[image: Ijms 19 01768 g003 550] 





Figure 3. CBX3 overexpression promoted in vivo tumor progression of PAAD cells. (a) Luciferase-tagged KP3L cells were implanted to the pancreas of nude mice (n = 5). Luciferase was checked once per week for four weeks; (b) Increased luciferase intensity could be observed throughout the experiment, and CBX3 overexpressing KP3L cells showed a more rapid increase of luciferase intensity; (c) Size of pancreatic tumor formed by CBX3-overexpressing KP3L cells at the end of experiment was larger; (d) H&E staining revealed that more cells undergoing mitosis, indicating accelerating proliferation of the tumor cells. The black arrows highlighted cells undergoing rapid proliferation. In all panels, ** p < 0.01 when comparison was made between groups. 
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Figure 4. CBX3 may regulate the cell cycle transition of PAAD cells. (a) Correlated genes were retrieved from TCGA data and processed with GO annotation. Biological process (BP), Molecular function (MF) and cell component (CC) of the correlated genes were predicted. It was shown that CBX3-correlated genes were mostly related to cell cycle regulation and DNA replication. Items tagged with red asterisk were related to DNA replication and cell cycle regulation; (b) Common genes among cell cycle regulations from BP, MF and CC annotation was extracted by Venn diagram. Sixteen genes were shared in common; (c) KEGG pathway analysis with CBX3-correlated genes. It was consistently shown that cell cycle regulation may be involved; (d) Common genes between GO annotation and KEGG analysis revealed that CDK1 and PCNA may be the core element in the regulation of cell cycle by CBX3; (e) Expression of CBX3, CDK1 and PCNA in PAAD tissue was extracted, and correlation was analyzed by linear regression. It was shown that CDK1 and PCNA expression in PAAD tissue was positively correlated to CBX3 expression. 
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Figure 5. CBX3 overexpression promoted G2/M cell cycle transition. (a) mRNA expression of CDK1 and PCNA was increased in CBX3-overexpressing KP3L cells; (b) Protein expression of CDK1 and PCNA was increased in CBX3-overexpressing KP3L cells; (c) KP3L cells were arrested at G2/M phase by treatment of 5 μM Ro-3306 for 12 h. Medium was then replaced with fresh full medium and allow cell cycle progression for another 12 h. It was found that treatment of Ro-3306 accumulated cells at G2/M phase, and after release CBX3-overexpressing cells showed a more rapid transition of cell cycle as evidence of low G2/M portion; (d) KP3L cells were fixed and stained with DAPI. Cells with condensed nuclear were counted as mitotic cells under fluorescence microscope. Percentage of mitotic cells out of total viable cells was calculated as mitotic index. CBX3-overexpressing cells showed higher mitotic index than WT cells. In all panels, * p < 0.05, ** p < 0.01 and *** p < 0.001 when comparison was made between groups. 
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Figure 6. CDK1 mediated the tumor-promoting effect of CBX3 in PAAD cells. (a) Expression of CDK1 in CBX3-overexpressing cells was knockdown by siRNA and validated by Immunoblotting. (b) Knockdown of CDK1 increased G2/M accumulation of CBX3-overexpressing KP3L cells. Knockdown of CDK1 reduced cell: (c) mitotic index; (d) proliferation; (e) anchorage-free growth; (f) migration; and (g) invasion of the CBX3-overexpressing KP3L cells. In all panels, * p < 0.05 and ** p < 0.01 when comparison was made between groups. 






Figure 6. CDK1 mediated the tumor-promoting effect of CBX3 in PAAD cells. (a) Expression of CDK1 in CBX3-overexpressing cells was knockdown by siRNA and validated by Immunoblotting. (b) Knockdown of CDK1 increased G2/M accumulation of CBX3-overexpressing KP3L cells. Knockdown of CDK1 reduced cell: (c) mitotic index; (d) proliferation; (e) anchorage-free growth; (f) migration; and (g) invasion of the CBX3-overexpressing KP3L cells. In all panels, * p < 0.05 and ** p < 0.01 when comparison was made between groups.



[image: Ijms 19 01768 g006]







[image: Ijms 19 01768 g007 550] 





Figure 7. Overall regulatory mechanism involved in the action of CBX3 in PAAD. Red arrows indicated the changes of trend of protein expression and cellular activity when CBX3 is upregulated. 
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