
Oncogenic Activity of Amplified Miniature Chromosome 
Maintenance 8 in Human Malignancies

Dong-Mei He, Bao-Guo Ren, Silvia Liu1, Lang-Zhu Tang, Kathleen Cieply, George Tseng1, 
Yan P. Yu, and Jian-Hua Luo*

1Department of Pathology and Biostatistics, University of Pittsburgh School of Medicine, 3550 
Terrace Street, Pittsburgh, PA 15261

Abstract

Miniature chromosome maintenance (MCM) proteins play critical roles in DNA replication 

licensing, initiation and elongation. MCM8, one of the MCM proteins playing a critical role in 

DNA repairing and recombination, was found to have over-expression and increased DNA copy 

number in a variety of human malignancies. The gain of MCM8 is associated with aggressive 

clinical features of several human cancers. Increased expression of MCM8 in prostate cancer is 

associated with cancer recurrence. Forced expression of MCM8 in RWPE1 cells, the immortalized 

but non-transformed prostate epithelial cell line, exhibited fast cell growth and transformation, 

while knocked down of MCM8 in PC3, DU145 and LNCaP cells induced cell growth arrest, and 

decreased tumor volumes and mortality of severe combined immunodeficiency mice xenografted 

with PC3 and DU145 cells. MCM8 bound cyclin D1 and activated Rb protein phosphorylation by 

cyclin-dependent kinase 4 in vitro and in vivo. The cyclin D1/MCM8 interaction is required for Rb 

phosphorylation and S phase entry in cancer cells. As a result, our study showed that copy number 

increase and overexpression of MCM8 may play critical roles in human cancer development.

Introduction

Cancer is one of the leading causes of death in the US. It is estimated 1,658,370 new cancer 

cases diagnosed and 589,430 cancer deaths in the US in 2014(1, 2). The understanding of 

the mechanisms that lead to the development of these lethal diseases remains incomplete. 

Prostate cancer is one of the most diagnosed cancers in men in the US. Over 161,000 new 

cases of prostate cancer were identified in 2016, accounting for approximately 10% of all 

new cancer cases. Unfortunately, the disease is not always indolent; about 26,730 men are 

expected to die from prostate cancer this year(3). Despite the high incidence of prostate 

cancer, the molecular mechanisms that underlie the aggressive behavior of some prostate 

cancer cases remain unclear. Identification of the molecular events that trigger the aggressive 

behavior of prostate cancer is crucial in reducing the mortality of this disease.
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Comprehensive genomic and transcriptomic analyses of human cancers had revealed 

numerous numerical or mutational, or epigenomic changes in the cancer genome that may 

drive gene expression alterations in cancers(4–17). The pattern changes of gene expression 

and genome abnormalities may provide significant insight into the mechanism of human 

cancer development. However, the relationship between these abnormalities and behavior of 

cancers remains unclear. To gain a clear and new understanding of the roles of these genes in 

the biology of human cancers, experimental analysis of these genes one at a time is required.

In this report, we performed meta-analyses of genome-wide copy number analysis on MCM 

proteins and led to the identification of MCM8, a critical component of DNA replication 

licensing gene(18–21), amplified or gain in 17 human malignancies. Similarly, 

overexpression of MCM8 was found in a wide variety of human malignancies. Over-

expression of MCM8 was also identified in prostate cancer cell lines PC3, DU145 and 

LNCaP. Forced expression in immortalized prostate epithelial cell lines RWPE1 induced 

transformation, while knocked down of MCM8 induced growth arrest of PC3, DU145, and 

LNCaP cells. It appears that MCM8 amplification and over-expression underlie the 

aggressiveness of prostate cancer.

Results

Significant evidence suggests that amplification and overexpression of DNA replication 

licensing factor have been associated with aggressive human malignancies(22–30). One of 

these DNA replication licensing factors, MCM7, had been well characterized to drive the 

aggressive behavior in prostate cancer, colon cancer, lung cancer, ovarian cancer, bladder 

cancer, liver cancer and gastric cancer(23, 25, 31–38). To investigate whether other DNA 

replication licensing factors are also implicated in human cancers, we screened 3 data sets of 

prostate cancer. We found that MCM8, a DNA replication licensing factor involving 

replication elongation and DNA homologous recombination, were consistently up-regulated 

in prostate cancer samples in comparison with normal prostate tissues (Table 1). To 

investigate whether MCM8 is also similarly up-regulated in other human malignancies, 

microarray data from European Bioinformatics Institute of EMBL were screened for MCM8 

expression in a variety of human cancers. The analyses suggest that MCM8 is over-

expressed in a large number of human cancers, including, breast cancer, non-small cell lung 

cancer, liver cancer, medulloblastoma, and glioblastoma multiforme (Table 1). The 

magnitudes of over-expression range from 2- to 5.2 fold, suggesting a wide significance of 

MCM8 overexpression in human malignancies.

To investigate the cause of MCM8 over-expression in prostate cancer, we analyzed 2 

prostate cancer copy number data set from University of Pittsburgh and TCGA. The results 

showed that 19 and 8% of prostate cancer genomes have a gain of MCM8 genome copy, 

respectively. To examine whether other human malignancies also have similar gain of 

MCM8 gene copy number, we analyzed additional large sets of Affymetrix SNP 6.0 arrays 

on 16 other human malignancies including glioblastoma multiforme, breast cancer, colon 

cancer, pancreatic adenocarcinoma, ovarian cancer, esophageal cancer, liver cancer, lung 

adenocarcinoma, lung squamous cell carcinoma, sarcoma, diffuse large cell lymphoma, 

thyroid cancer, rectal adenocarcinoma, acute myeloid leukemia and bladder cancer. The gain 
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of MCM8 gene copy is widespread among human malignancies: ranging from 4.2% in 

thyroid cancer to 79.7% in rectal adenocarcinoma (Table 2). In some breast and colon cancer 

samples, up to 16 copies of MCM8 were found in the genomes of cancer cells, suggesting 

that the gain of MCM8 was the result of amplification of the genome sequence encoding 

MCM8 in some of these cancers. These analyses suggest that the copy number gain of 

MCM8 is probably the underlying mechanism of MCM8 overexpression in human 

malignancies.

Analysis of prostate cancer data set from TCGA indicates that gain of MCM8 is associated 

with higher Gleason’s grade (p=0.0007), more advanced pathological stage (p=0.036) and 

more likely to have lymph node metastasis (p=0.0025). The gain of MCM8 is also 

associated with higher level of residual tumors of lung adenocarcinoma (p=0.002), lymph 

node metastasis (p=0.03) and higher grades (p=0.000098) of esophageal cancer, more 

advanced stages (p=0.00025) and more frequent lymph node metastasis (p=0.0017) of colon 

cancer. The gain of MCM8 is also found disproportionately in ovarian cancer (p=0.026) and 

uterine endometrial carcinoma (p=0.0000024) that were presented as advanced stages of 

cancer at the time of diagnosis. Urothelial carcinoma with a gain of MCM8 also showed a 

higher level of aggressiveness by displaying frequent lymph node metastasis and recurrence 

of cancer after treatment (p=0.049). These results indicate that gain of MCM8 is likely a 

marker for the aggressiveness of human cancers.

To validate the gain of MCM8 in prostate cancer, qPCR was performed using primers 

corresponding to intron16/exon17 region on 115 prostate samples, including 19 organ donor 

prostate tissue samples with ages ranging from 15 to 72, three benign prostate tissues 

adjacent cancer, and 93 prostate cancer samples. As shown in figure 1A, the gain of MCM8 

was not detected in any of the organ donor prostates and benign prostate tissues adjacent to 

cancer, while 52% (52/93) of the prostate cancer samples were detected with a gain of 

MCM8. Among those prostate cancer samples from patients that experienced recurrence of 

the disease after radical prostatectomy, the frequency of gain of MCM8 reached 70.5% 

(43/49). In contrast, the rate of MCM8 gain was only 26.5% (9/34) for prostate cancers that 

did not reoccur for at least 5 years after the surgery. These results indicate a strong 

association between prostate cancer recurrence and the gain of MCM8 (p<0.0001). To 

visualize the gain of MCM8 in prostate cancer samples, fluorescence in situ hybridization 

were performed using bacterial artificial chromosome probe corresponding to genome 

region where MCM8 resides (Figure 1B and C). The results indicate MCM8 gain in 40% 

(8/20) of the samples examined: 83% (5/6) samples from patients who experienced prostate 

cancer recurrence had MCM8 gain in their cancer genomes, while only 21% (3/14) indolent 

cancer samples were positive of the gain of MCM8. Kaplan-Meir analysis based on the 

status of MCM8 gain showed that patients with MCM8 gain in their cancer genome had 

PSA-free survival rate of 33.3%, while patients with no MCM8 gain had the 5-year PSA-

free survival rate of 74.5% (figure 1D), suggesting that the gain of MCM8 signals a 

significantly poorer clinical outcomes (p=7.8 × 10−5) for prostate cancer.

To examine whether MCM8 protein is over-expressed in prostate cancer samples, 533 

prostate samples were examined for MCM8 expression through immunostaining using 

antibodies specific for MCM8 protein. The expression of MCM8 was quantified based on 
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the number of cells positive for MCM8 staining: negative (0), focal positive (0.5), 1–20% 

cells positive (1), 20–50% cells positive (2), 50–80% cells positive (3) and more than 80% 

cells positive (4). As shown in figure 2A and B, most organ donor prostate cancers are only 

focally positive for MCM8 protein with an average score of 0.56. In contrast, a significant 

number of prostate cancer samples had the expression of MCM8 in more than 20%, with an 

average of scores of 1.6. The average of MCM8 expression scores for prostate cancer that 

proved recurrent reached 1.99. Higher MCM8 protein expression score is strongly associated 

with prostate cancers that had cancer recurrence (p=3.5 × 10−15). To analyze the impact of 

MCM8 protein expression on PSA-free survival of prostate cancer, Kaplan-Meir analysis 

was performed based on MCM8 expression levels. As shown in figure 2C, 42.4% patients 

with MCM8 expression scoring 2 or more survived 5 years without prostate cancer 

recurrence. In contrast, approximately 90% patients with MCM8 scoring less than 2 

survived at least 5 years cancer free. These results indicate that MCM8 overexpression had a 

significant negative impact on the prostate cancer prognosis (p=9.25 × 10−13).

To investigate the biological role of MCM8 over-expression in prostate epithelial cells, 

RWPE1, the immortalized but non-transformed prostate epithelial cells, were transfected 

with pCDNA4-MCM8-FLAG. Fifteen colonies were screened for inducible expression of 

MCM8. Two clones were selected for further analysis (RM8#2 and RM8#9). As shown in 

figure 3A and B, induced expression of MCM8 in RWPE1 cells resulted in an average of 2.5 

fold (p<0.01) increase of S-phase and concomitant 32.6% (p<0.01) decrease of G0/G1 phase 

cells. MCM8 expression increased colony formation by 2.8 fold (p<0.01) and anchorage 

independent growth by 12.7 fold (p<0.01) of RWPE1 cells (figure 3C and D). Most non-

transformed cells grow poorly in anchorage-independent growth assays. Dramatic 

improvement of anchorage-independent growth of RWPE1 cells induced by MCM8 clearly 

indicates that RWPE1 cells were transformed. MCM8 appears abundantly expressed in PC3, 

DU145 and LNCaP cells, in comparison with RWPE1 (figure 3A). To assess the impact of 

MCM8 overexpression in prostate cancer, prostate cancer cell lines PC3, DU145 and LNCaP 

were transfected with pSingle-tts-siMCM8 that expresses a shRNA targeting at MCM8 

mRNA upon the treatment of doxycycline (5μg/ml). Two clones of each cell lineage were 

selected for analysis. Knocked down of MCM8 in PC3 (73% for M8P#5 and 71% for 

M8P#7) by shRNA specific for MCM8 reduced S-phase entry by an average of 51% 

(p<0.01), and reduced colony formation by over 83% (p<0.01) (figure 3C and D). These 

biological changes were accompanied by drops of DNA replication licensing of Cdt1 

(average 66.7% for M8P#5 and M8P#7), MCM6 (average 59.2%) and MCM7 (average 

78.7%), suggesting that down-regulation of MCM8 have significant negative impact on 

DNA replication licensing. Similar results were also found when DU145 (51% knocked-

down for M8D#1 and 75% for M8D#4) and LNCaP (65% for M8L#3 and 63% M8L#5) 

cells were knocked down with shRNA specific for MCM8: 65% drop (p<0.01) in S-phase 

cells and 94% drop (p<0.01) in colony formation for DU145, and 44% drop (p<0.01) in S-

phase cells and 91% drop (p<0.01) in colony formation for LNCaP cells. Over-expression of 

MCM8 in non-transforming prostate epithelial cells RWPE1 (RM8#2 and RM8#9, average 

2.3 fold) resulted in 2.5 fold increase of S-phase entry in average (figure 3A and B). These 

were also accompanied by significant increase of Cdt1 (>5 fold), MCM6 (2.2 fold) and 

MCM7 (>5 fold) licensing. Over-expression of MCM8 is clearly necessary for cancer cell 
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growth and transformation. To investigate the impact of MCM8 overexpression on prostate 

cancer growth metastasis in vivo, M8P#5 and M8D#1cells were xenografted into the 

subcutaneous regions of severe combined immunodeficiency mice. These mice were treated 

with doxycycline to knock down the expression of MCM8 in these cancer cells. As shown in 

figure 3E–F, mice treated with doxycycline water (5μg/ml) had 74.3% (p<0.01) decrease in 

tumor volume for M8P#5 cells and 65% (p<0.01) decrease for M8D#1 cells, in comparison 

with the untreated controls. The mice treated with doxycycline water had 93.8% survival 

rate. In contrast, only 31% mice xenografted with tumor cells without treatment survived 6 

weeks (p=0.00015). These results suggest that MCM8 expression is crucial for cancer 

growth and aggressiveness.

To investigate the mechanism of MCM8 mediated cancer growth and transformation, Yeast 

two-hybrid cDNA library from human prostate was screened for MCM8 interacting protein 

by pBD-MCM8full that expresses bait domain-MCM8 fusion protein (BD-MCM8). Thirty-

one colonies were found to grow in most stringent selective medium and positive for β-

galactosidase. Eleven unique clones were identified. One of these clones contains a cDNA 

encoding cyclin D1 (CCND1). To validate these results, pAD-CCND1 and pBD-MCM8 

were co-transfected into Yeast AH109 cells. Co-transfection of pBD-MCM8 (full length) 

and pAD-CCND1 showed positive galactosidase activity and grew in most stringent 

selective medium, while all negative controls were negative, confirming the initial Yeast 

Two-hybrid screening results (Figure 4A). To test the binding between MCM8 and cyclin D1 

in vivo, co-immunoprecipitations of MCM8 and cyclin D1 were performed on the protein 

extracts of PC3 and RWPE1 cells. As shown in Figure 4B, co-immunoprecipitation of 

MCM8 and cyclin D1 was readily apparent. To visualize whether MCM8 and cyclin D1 co-

localize in the nucleus, double immunofluorescence staining using antibodies against 

MCM8 and cyclin D1 were performed in RWPE1 cells. As demonstrated in figure 4C, 

MCM8 and a significant amount of cyclin D1 were colocalized in the nuclei. Similar 

colocalization results were obtained with PC3 cells (data not shown).

To validate the interaction between MCM8 and cyclin D1 in vitro, MCM8 coding region 

was segmented into 4 regions: MCM8N (aa2-204), MCM8M1 (aa205-409), MCM8M2 

(aa409-618), MCM8C (aa615-880). These cDNA fragments were constructed into 

pGEX-5X-3 to create GST-MCM8N, GST-MCM8M1, GST-MCM8M2 and GST-MCM8C 

fusion proteins. These constructs were transfected into E.coli strain BL21. Each of these 

fusion proteins was induced to express with Isopropyl β-D-1-thiogalactopyranoside (IPTG), 

purified and assayed for their binding activity with recombinant HisTAG-cyclin D1 purified 

from bacterial protein extract. The results of the binding assays indicate that GST-MCM8M1 

(aa408-618) bound with cyclin D1 in the cell-free system (figure 4D and E), while GST-

MCM8N, GST-MCM8M2, and GST-MCM8C were negative in the binding assays. These 

results indicate that the cyclin D1 binding motif is located in the region of amino acids 205–

409 in MCM8 protein. The interaction between MCM8 and cyclin D1 is direct. No “bridge 

protein” is required in their interaction in vitro. A series of deletion mutants of GST-

MCM8M1 were assayed to identify the motif that is required for interaction with cyclin D1. 

A stretch of 30 amino acid sequence located in 261–290 of MCM8 was found crucial for 

MCM8 binding with cyclin D1 because the fusion proteins with deletion of this sequence 
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did not bind with cyclin D1, while all proteins containing this sequence bound with cyclin 

D1 (figure 4D and E).

Cyclin D1 is a binding protein and co-factor for cyclin-dependent kinase 4 (CDK4)(39), and 

plays a crucial role in promoting cell cycle entry to S phase through phosphorylation of 

retinoblastoma (Rb) protein(40). Interestingly, in vitro binding assays indicate that the 

presence of MCM8 produced a multi-protein complex that includes CDK4, cyclin D1and 

MCM8 (figure 5A). To investigate whether binding of MCM8 with cyclin D1 has an impact 

on the kinase activity of CDK4, protein kinase assays were performed on recombinant 

CDK4/cyclin D1 protein with or without MCM8, using recombinant Rb as a substrate. As 

shown in figure 5, the presence of recombinant GST-MCM8 enhanced kinase activity of 

CDK4 and reduced the Km value by 6.8 fold (455 μM vs. 3100 μM) in comparison with 

cyclin D1/CDK4 alone. These experiments suggest that MCM8 is a cofactor for enhancing 

the kinase activity of CDK4. In contrast, such enhancement of CDK4 kinase activity was 

abrogated when the cyclin D1 interaction motif was deleted from GST-MCM8 (GST-

dMCM8, figure 5B). The peptide corresponding to aa261-290 of MCM8 blocked the kinase 

enhancement effect of MCM8 on CDK4/cyclin D1 complex (figure 5B). Co-

immunoprecipitation analysis showed that MCM8 formed a large complex with cyclin D1, 

CDK4, p21 and p27 in PC3 cells (figure 5C), suggesting complex nature of these 

interactions. To investigate the impact of MCM8 on Rb phosphorylation in vivo, MCM8 

mRNA was knocked down by induction MCM8 shRNA with doxycycline in M8P#5 (PC3) 

and M8D#1 (DU145) cells. As shown in figure 6A, a decrease of MCM8 protein (>90% for 

M8P#5 and 82% for M8D#1) level accompanied by a reduction of Rb phosphorylation in 

both cell types. The in vitro CDK4 kinase activity also showed similar decreases when 

MCM8 was knocked down in these cell lines (figure 6B). These experiments suggest that the 

presence of MCM8 is essential for Rb phosphorylation. To examine whether binding of 

MCM8 with cyclin D1 is required for CDK4 kinase activation, a mutant MCM8 that 

contains only 31 amino acids from MCM8 (aa1,261-290) and FLAG-TAG sequence was 

ligated into pCDNA4 to create pCDNA4-CBM-FLAG (cyclin D1 binding motif-FLAG) to 

interfere the binding between MCM8 and cyclin D1. The mutant was cotransfected with 

pCDNA6 into PC3 cells. Two clones were selected for further analysis. As shown in figure 

6A, induction of mutant MCM8 effectively decreased the phosphorylation level of Rb, in 

comparison with uninduced controls. Similar decreases were also identified in the in vitro 
kinase assays (figure 6B), while MCM8 mutant that contains no cyclin D1 binding motif had 

no impact on Rb phosphorylation (figure 6A–B), DNA replication licensing and cell cycle 

S-phase entry (figure 3B). These analyses support that MCM8/cyclin D1 interaction is 

crucial for CDK4 kinase activation. It appears that DNA replication licensing in vivo is also 

dependent on MCM8/cyclin D1 interaction. Interestingly, over-expression of cyclin D1 

partially reversed the inhibitory effect induced by MCM8 knockdown (58–65% for M8P#5 

and 41–67% for M8D#1) in cell cycle analysis (figure 6C and D), probably due to forcing 

more CDK4/cyclin D1 complex formation due to a larger quantity of cyclin D1. In addition, 

copy number analysis of TCGA data suggests that most samples with MCM8 gain contain at 

least one intact Rb copy (Supplemental Table 1), supporting a clinical significance of 

MCM8/cyclin D1/CDK4/Rb signaling.
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Discussion

MCM8 is one of the DNA replication licensing factors participating in DNA replication 

initiation and elongation(41–43). Recent studies suggest that MCM8 is recruited to the DNA 

repair site to facilitate DNA homologous recombination and double-strand breaks(44, 45). 

Genome instability was identified in mice that are deficient in MCM8(46). Mutations of 

MCM8 resulted in human gonadal failure(47). To our knowledge, this is the first report 

showing that widespread gain and overexpression of MCM8 are present in human 

malignancies. Since the gain of MCM8 is associated with aggressive characteristics of 

several human cancers, it implies that the gain of MCM8 may play significant roles in 

driving the cancer metastasis. Most aggressive cancer genomes demonstrate extensive 

chromosome rearrangement, deletion, and amplification of genes critical to cell survival, 

growth and migration. It is conceivable that overexpression of MCM8 may facilitate and 

exacerbate the process of chromosome rearrangement.

Cyclin D1/CDK4 complex has been a critical target by many proteins that regulate cell cycle 

progression, including p27(48, 49), p16(50), p21(51), Hsp90(52), ccdc37(53), PCNA(54), 

MyoD(55), etc. MCM8 probably contains versatile functions beyond DNA replication 

licensing and repair. It is possible that MCM8 serves as one of the assembly factors in 

building CDK4/cyclin D1 complex since the presence of MCM8 enhanced the recruitment 

of CDK4/cyclin D1 complex. In addition, our analysis showed that MCM8 is crucial in 

CDK4 activation by significantly lowering the substrate threshold required for CDK4 kinase 

activation. Phosphorylation of Rb correlates with the level of MCM8. Indeed, forced 

expression of MCM8 in cancer cell lines resulted in dramatic increase of cell entry into S 

phase in non-transformed cells, while knocked down of MCM8 generates growth arrest of 

cancer cells. These results indicate that MCM8 is essential for cell S phase entry. Over-

expression of MCM8 may produce two consequences: Promoting cell growth through 

increasing phosphorylation and inactivation of Rb molecule and promoting DNA 

recombination that produces abnormal chromosome rearrangements and mutations. As a 

result, abnormal expression of MCM8 could be one of the fundamental causes that initiate 

the carcinogenic process.

The underlying cause of MCM8 overexpression in human cancers is probably the gain of 

MCM8 gene copy in the cancer genome. For most cases, the increase of copy number of 

MCM8 appears moderate, estimated 3–4 copies per cancer genome. However, in some 

samples of breast and colon cancers, the copy number reached 16 copies per genome, clearly 

indicating amplification in the region of MCM8. The expression of MCM8 is inhibited 

during S, G2 and early M phase to prevent additional DNA synthesis(56). Terminally 

differentiated cells do not express replication complex proteins. Amplification or gain of 

MCM8 may weaken the control of its expression. The continuing presence of MCM8 

throughout the cell cycle may induce improper DNA synthesis that leads to genome 

instability of cancer cells, in addition to increased recruitment of larger proportion of cell 

population into the proliferation cycle. The association of MCM8 gain with some of the 

aggressive features of human cancers may indicate the significance of MCM8 in driving the 

behavior of human cancers. Overexpression of MCM8 gene in prostate immortalized 

epithelial cells inducing marked transformation underlies the important role of this gene in 
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cancer development. The significance of the discovery of MCM8 gain and over-expression 

in human malignancies not only lies at a new insight gained towards understanding the 

carcinogenic process of human cancers but also at identifying a new base to develop 

potential therapeutic intervention to treat cancers that over-express MCM8 protein.

Materials and Methods

Materials and cell lines

All cell lines, including PC3, Du145, RWPE1, and LNCaP were purchased from American 

Type Cell Culture (Manassas, VA). PC3 cells were cultured with F12K medium 

supplemented with 10% fetal bovine serum (InVitrogen, Carlsbad, CA). DU145 cells were 

cultured with modified Eagle medium supplemented with 10% fetal bovine serum 

(InVitrogen). LNCaP cells were cultured with RPMI 1640 supplemented with 10% fetal 

bovine serum. RWPE1 cells were cultured with K-SFM supplemented with recombinant 

human Epidermal Growth Factor (rhEGF) and Bovine Pituitary Extract (BPE). The genomes 

of these cell lines were tested for a short tandem repeat (STR) DNA profile on eight different 

loci (CSF1PO, D13S317, D16S539, D5S818, D7S820, THO1, TPOX, and vWA) of the 

genomes by PCR using the primer sets for CSF1PO, D13S317, D16S539, D5S818, D7S820, 

TH01, TPOX, vWA recommended by ATCC on April 22, 2016 (latest). These cell lines 

were authenticated because the STR profiles of the cell lines perfectly matched those 

published by ATCC. All antibodies were purchased from Santa Cruz Biotechnology, Inc. 

(Santa Cruz, CA), including: Antibodies for MCM6 (sc-55577), MCM7 (sc-9966), MCM8 

(sc-47117), Cdt1 (sc-28262), CCND1 (sc-20044), p27 (sc-1641), p21 (sc-6246), CDK4 

(sc-136241), Rb (sc-102), pRb (sc-271930) and β-actin (sc-47778).

Sample preparation

Fresh prostate cancer tissues were prepared as described previously(11, 12). Tumor samples 

were microdissected to 70% purity for qPCR analysis. Formalin-fixed and paraffin-

embedded (FFPE) tissues were used in FISH assays. One hundred thirty-three samples 

including 93 prostate cancers, three benign prostate tissues adjacent to cancer and 19 normal 

prostate samples from healthy organ donors were examined. The construction of microarrays 

of prostate tissues was previously described(25). The procedure of tissue collection, de-

identification, and experimental protocols were approved by institutional review board of 

University of Pittsburgh.

Fluorescence In-situ Hybridization and SYBR-green real-time quantitation PCR

The similar procedure was previously described[12–14]. The FISH probe was prepared by 

combining 7 ml of SpectrumOrange-labeled Bacterial artificial chromosome (BAC) 

sequence containing MCM8 (RP11-1203216, InVitrogen, Inc, Grand Island, NY) /50% 

formamide with 1 ml of direct-labeled CEP20 SpectrumGreen (Vysis, Downers Grove, IL). 

The cutoff for a gain of MCM8 is an average of at least 2.5 copies per genome (for detailed 

procedure, please see Ren et al. (25)). For quantitative RT-PCR, QuantiTect SYBR Green 

RT-PCR Kit (Qiagen, CA) was used, and the reaction was carried out in an Eppendorf 

Realplex Mastercycler machine (Thermo-Fisher, Inc Waltham, MA). The procedure was 

similar to those previously described(25). The assays were performed with 100 ng genomic 
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DNA for all of the experimental and control samples. MCM8 amplification was performed 

with primers CTATGGCAGTGCTACATTGGG/CCTGTTGCTCATTCCAGAACC for 45 

cycles of the following program: 94°C for 10 s, 62°C for 5 s, and 72°C for 10 s. A separate 

quantification of β-actin DNA copy was also performed in parallel with MCM8 analysis 

using the following primers TCTTTGCACTTTCTGCATGTCCCC/

GTCCATCACGATGCCAGTGGTAC.

Plasmid construction

For construction of pBD-MCM8full fusion protein, a mutagenic primer set (5′- 

TGTGGCCTATAATCATATGAATGGAGAGTATAGAGGC -3′ and 5′- 

TTCATTTCAAGCAAAGTCGACTCTGCAATAAACCCAGGAGGC- 3′) was used. PCR 

was performed on the cDNA template from the donor prostate (Clontech) using the 

following conditions: 94 °C for 1 min, followed by 35 cycles of 94 °C for 30 s, 68 °C for 3 

min, and a final 3 min extension step at 68 °C. The PCR product was restricted with Nde1 

and Sal1 (New England Biolabs, MA), gel purified, and ligated into a similarly digested 

pGBKT7 vector. The fusion protein contained 840 amino acids from the MCM8.

For the construction of pGST-MCM8N, a GST fusion protein, a mutagenic primer set (5′- 

AGGAATTCCCGGGTCGACAATGGAGAGTATAGAGGC -3′ and 5′- 

AGTCACGATGCG GCCGCCAAAGGCTCATAGTTGTACAC -3′) was used. PCR was 

performed using these primers under the following conditions: 94 °C for 1 min, followed by 

35 cycles of 94 °C for 30 s, 68 °C for 3 min, and a final 10 min extension step at 68 °C. The 

PCR product was then ligated into a pCR2.1 TA cloning vector (Invitrogen). A similar 

strategy was used for constructing pGST-MCM8M1, pGST-MCM8M2 and pGST-MCM8C 

using the following pair of primers: 

AGGAATTCCCGGGTCGACACACAGCTCAAGAATGTCAGA/

AGTCACGATGCGGCCGCCCGAGTTGACAATGAGTTTAAAC for pGST-MCM8M1, 

AGGAATTCCCGGGTCGACtCGCTTTGCCCTGTCATTTTTG/

AGTCACGATGCGGCCGCCTCTCTGCTTTCCAGCTCTTATTG for pGST-MCM8M2, 

and AGGAATTCCCGGGTCGACGGAAAGCAGAGAACCATTAGC/

AGTCACGATGCGGCCGCCTCTGCAATAAACCCAGGAGGC for pGST-MCM8C. The 

inserts of these plasmids were retrieved with Sal1 and Not1 and were ligated into a similarly 

restricted pGEX-5x-3 vector. A series of deletions, including 5′ or 3′ deletions, of pGST-

MCM8M1 were then constructed using the primer sets listed in Table 3. The procedures for 

constructing these mutants are similar to that described for pGST-MCM8N. E. coli BL21 

cells were transformed with these mutant constructs for induction of recombinant protein 

expression.

Construction of MCM8 expressing cell lines

MCM8 cDNA was obtained by extended long PCR (Roche Applied Science, NJ) using 

primers (AGAAGCTTCCAGTTGTGAACTAGGAGAGC/

AGCTCGAGCATAGTTTGAAGCTGGTAAACTTTTGGGC) on cDNA templates from 

donor prostate tissue. The PCR product was digested with HindIII and XhoI and ligated into 

a similarly digested pCDNA4-FLAG vector. This construct and pCDNA6 were transfected 

into RWPE1 cells, the immortalized prostate epithelial cell line with low MCM8 expression, 
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using superfect™ kit (InVitrogen, CA). The transformed cells were cultured with 100 μg/ml 

zeocin and 5 μg/ml blasticidin. Colonies were selected for MCM8-FLAG expression in the 

presence of (5 μg/ml) tetracycline.

To construct the vector that expresses shRNA specific for MCM8, the following 

oligonucleotides were used: 5′-

tcgagctctcaattccaaccttgctcgtgccgaagcacgagcaaggttggaattgagaga-3′/5′-

agcttctctcaattccaaccttgctcgtgcttcggcacgagcaaggttggaattgagagc-3′. These primers were 

annealed and ligated into a pSingle-tts-shRNA vector. The constructs were then transfected 

into PC3, LNCaP, and DU145 cells to generate cells that are doxycycline-inducible for the 

suppression of MCM8 expression.

Immunoblot detection of MCM8, chromatin association and co-immunoprecipitation

The procedure of MCM8 immunoblotting is similar to previously described(25). The 

primary mouse anti-MCM8 antibody was obtained from Santa Cruz Biotechnology, Santa 

Cruz, CA. The MCM8 expression was detected with the ECL system (Amersham Life 

Science) according to the manufacturer’s protocols. Co-immunoprecipitation and chromatin 

association analyses were performed similarly to those previously described(57).

Cell Cycle Analysis

The similar procedure was described previously(58–61). Briefly, cells were cultured to 

40%-50% confluence. These cells were synchronized with medium containing no serum for 

24 h to G0 phase. The cells were then stimulated with 10% fetal bovine serum for 4 h and 

labeled with 5-Bromo-2-DeoxyUridine (10 μM). The cells were then harvested and stained 

with propidium iodide /tritonX-100. BrdU labeling and nuclei were quantified using a 

FACSCalibur Automated Benchtop Flow Cytometer (Becton Dickinson, MA), and analyzed 

by WinMDI 2.9 program.

Immunohistochemistry and tissue array analysis

The clinical features of these cases were tabulated in Table 4. The procedure was described 

previously (62, 63). The expression of MCM8 was graded as 0 (0%), 0.5 (focal positive), 1 

(<20%), 2 (20–50%), 3 (50–80%) or 4 (>80%) based on % cells positive. The scores were 

the averages of 2 independent observers.

Tumor growth and spontaneous metastasis

Power analysis were performed based on the assumption that 75% mice xenografted with 

M8P#5 and M8D#1 without doxycycline treatment may die in 6 weeks, while mice treated 

with doxycycline may have a mortality of 27% in the same period. Thus, a total of 32 mice 

(3 weeks old) were used. All male mice severe combined immune-deficient (SCID) mice 

(Taconic, Germantown, NY) were chosen due to the relevance of prostate cancer. No 

randomization was performed due to inbred nature of the SCID mice. These mice were 

subcutaneously implanted at the abdominal flank with ~1 × 107 viable cells. The detailed 

procedure of xenograft tumor monitoring was described previously(25). All procedures were 

approved by the University of Pittsburgh Institutional Animal Care and Use Committee.
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TCGA data analysis

Data were downloaded from The Cancer Genome Atlas (TCGA) (https://tcga-

data.nci.nih.gov/tcga/dataAccessMatrix.htm). Hg19 CNV (SNP array, BI Genome-wide 

SNP 6) level 3 tumor sample data were collected for multiple cancer types: BLCA (bladder 

urothelial carcinoma), BRCA (breast invasive carcinoma), COAD (colon adenocarcinoma), 

ESCA (esophageal carcinoma), GBM (glioblastoma multiforme), LIHC (liver hepatocellular 

carcinoma), LUAD (lung adenocarcinoma), LUSC (lung squamous cell carcinoma), PAAD 

(pancreatic adenocarcinoma), PRAD (prostate adenocarcinoma), LAML (acute myeloid 

leukemia), OV (ovarian serous cystadenocarcinoma), THCA (thyroid carcinoma), UCEC 

(uterine corpus endometrial carcinoma), SARC (sarcoma), READ (rectum adenocarcinoma), 

DLBC (lymphoid neoplasm diffuse large B-cell lymphoma), HNSC (head and neck 

squamous cell carcinoma). CNV segments overlapped with the MCM8 gene were defined to 

be the MCM8 related CNVs. Fisher’s exact test was applied to test whether amplification 

(with segment mean equal to or greater than 0.2) or non-amplification (with segment mean 

smaller than 0.2) status of MCM8 related CNVs was associated with the clinical 

information. Clinical information chosen included: ajcc_pathologic_tumor_stage (Stage I, II 

VS III, IV), ajcc_metastasis_pathologic_pm (M0 VS M1), 

lymph_nodes_examined_he_count (0 VS others), tumor_grade (G1, G2 VS others), 

residual_tumor (R0 VS others), pathologic_N (N0 VS others), pathologic_T (T2 VS higher), 

clinical_stage (Stage I, II VS others), gleason_score (for PRAD, <=7 VS higher), aggressive 

(new_tumor_event_dx_indicator is “Yes”, lymph_nodes_examined_he_count is non-zero, 

lymph_nodes_examined is not 1 VS new_tumor_event_dx_indicator is “No”, 

lymph_nodes_examined_he_count is non-zero, lymph_nodes_examined is not 0 or 1). For 

lymph_nodes_examined, Wilcoxon rank sum test was applied. These association p-values 

were adjusted by the Benjamini-Hochberg method for multiple comparisons.

Survival analysis

The samples were divided into A (red), and B (blue) group and Kaplan-Meier survival 

curves were plotted. Groups were segregated based on MCM8 gain or non-gain status 

(figure 1) or MCM8 expression score≥2 or <2 status (figure 2) or treated with or without 

doxycycline (figure 3). The p-value by the log-rank test was calculated to indicate the 

significant level of the difference between these two groups.

Yeast Two-Hybrid library screening

The Yeast competent cell preparation and the procedure of Yeast two-hybrid cDNA library 

screening were described previously(64). Fresh AH109 competent cells (100 μl) were co-

transfected with pBD-MCM8full (0.5 μg) and 0.5 μg DNA from prostate Yeast Two-Hybrid 

cDNA library constructed in pACT2. The transformants were plated on the high stringency 

selection plate (SD-Ade/-His/-Leu/-Trp). The grown colonies were then assayed for β-

galactosidase as described previously (64). Thirty-one transformants were found positive for 

β-galactosidase and grown in most stringent selection condition. Through restriction enzyme 

cutting pattern analysis, 11 transformants were found unique. One of these transformants 

was identified as a clone containing cyclin D1 cDNA in frame with the activation domain of 

GAL4.
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In vitro kinase assay

GST-CDK4 was purchased from Abcam, Inc (Cambridge, MA), while GST-CDK4/cyclin 

D1 was from Signal Chem, Inc (Richmond, Canada). For GST protein, E. coli. harboring 

GST or GST-CDK4 were grown overnight in room temperature. The recombinant proteins 

were induced with 1 mM IPTG for 4 hours. GST was purified by glutathione column and 

diluted to 1 ng/ul with 1X kinase assay buffer provided by the manufacturer (Cell Signaling, 

Inc, Danvers, MA). This was followed by combining 25 μl GST or GST-CDK4 with 1 ng 

substrate (GST-Rb) with or without 25 ng of cyclin D1, or HisTAG-MCM8, or HisTAG- 

ΔMCM8del261-290 or 2 ng of HisTAG-MCM8CBM in 1xkinase reaction buffer. The 

solutions were incubated at 37°C for 60 minutes. The reactions were terminated by adding 

25 μl of 2N NaOH stop solution to each reaction well. The kinase activities were quantified 

using the kit and protocols of ADP-Glo™ Kinase Assay from Promega, Inc, Madison, WI.

For in vitro MCM8/cyclin D1/CDK4 binding assay, the following condition was used: 25 ng 

of each of HisTAG-MCM8, GST-cyclinD1 and GST-CDK4 produced from E.coli. were 

incubated with 150 mM NaCl, 25 mM MOPS, pH 7.2, 12.5 mM MgCl2, 12.5 mM β-

glycerol phosphate at 37°C for 2 h. The products were then resolved in 6% non-denaturing 

polyacrylamide gel electrophoresis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The gain of MCM8 gene copy in the genome of prostate cancer
(A) Status of MCM8 gain in organ donor prostate (OD), benign prostate tissue adjacent to 

cancer (AT), prostate cancer (T). T samples were subdivided into cancers that have no 

recurrence for at least 5 years after radical prostatectomy (Tnone), cancers that produced 

recurrences with PSADT≥14 months (Tslow), and cancers that produced recurrences with 

PSADT≤4 months (Tfast). The gain of MCM8 was determined when copy of MCM8 was 

estimated to be ≥3 copies per genome relative to β-actin. (B) Representative images of 

fluorescence in-situ hybridization (FISH) using BAC probes corresponding to MCM8 

genome sequence and centromere of chromosome 20. BAC probe for MCM8 was labeled 

with spectrum orange, while probe for centromere of chromosome 20 was labeled with 

spectrum green. (C) Prostate cancer samples with MCM8 gain status based on FISH results. 

(D) Kaplan-Meier analysis of prostate cancer based on the status of MCM8 gain. The 

analysis was plotted based on the combined results of qPCR and FISH obtained from (A) 

and (C).
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Figure 2. Overexpression of MCM8 protein in prostate cancer samples
(A) Representative images of immunostaining of MCM8 in an organ donor prostate (OD), 

benign prostate tissues adjacent to cancer (AT), and prostate cancer (T) samples. (B) 

Average MCM8 expression scores of OD, AT, prostate cancer (Tall), prostate cancers that 

produced recurrence (Trecurrent), and prostate cancers that had no recurrence for at least 5 

years after radical prostatectomy (Tnon-rec). (C) Kaplan-Meier analysis based on MCM8 

expression score ≥2 or <2 on prostate cancers obtained from (B).
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Figure 3. MCM8 is critical to the transformation of prostate cancer
(A) Immunoblotting of MCM8 and β-actin of protein extracts from PC3 (M8P#5 and 

M8P#7), DU145 (M8D#1 and M8D#4) and LNCaP (M8L#3 and M8L#5) cell transformed 

with pSingle-tts-shMCM8, treated with or without 5 μg/ml doxycycline. RWPE1 cells 

(RM8#2 and RM8#9) transformed with pCDNA4-MCM8-FLAG/pCDNA6-TO, or with 

pCDNA4-ΔMCM8del261-290-FLAG/pCDNA6-TO (DM8R2 and DM8R8), and treated with 

or without tetracycline (1 μg/ml) were similarly blotted with antibodies specific for MCM8 

and β-actin. DNA licensing of Cdt, MCM6, and MCM7 was shown. (B) BrdU labeling and 

cell cycle analysis of the replicate samples from (A). Triplicate experiments were performed. 

Standard deviation is indicated. (C) Colony formation analyses of the replicate samples from 

(A). Triplicate experiments were performed. Standard deviation is indicated. (D) Anchorage-

independent growth of RWPE1 cells transformed with pCDNA4-MCM8-FLAG and 

pCDNA6. Replicate samples from (A) were analyzed. Triplicate experiments were 

performed. Standard deviation is indicated. (E) Knocked down of MCM8 expression 

reduced tumor volume of SCID mice xenografted M8P#5 and M8D#9 cells. Standard 

deviation is indicated. (F) Knocked down of MCM8 expression reduced mortality of SCID 

mice xenografted with M8P#5 and M8D#9 cells.
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Figure 4. MCM8 interacts with cyclin D1
(A) Yeast Two-hybrid screening identified that MCM8 bound cyclin D1. Co-transformants 

of pBD-MCM8full with pAD-CCND1 on SD agar plate with high stringent nutrient 

selection (SD-leu-Trp-His-Ade) are shown. Co-transfection of pBD-p53 and pAD-T-antigen 

is the positive control, while co-transfection of pBD-LamC and pAD-T-antigen, pBD-

MCM8full, and pAD, pBD and pAD-CCND1 are the negative controls. (B) Co-

immunoprecipitations of MCM8 (lanes 3 and 6) or cyclin D1 (lanes 9 and 12) using 

antibodies specific for MCM8 or cyclin D1 were performed on protein extracts from PC3 

(left panels) and RWPE1 (right panels). The immunoprecipitates were blotted with the 

indicated antibodies. (C) Immunofluorescence staining of RWPE-1 cells with an antibody 

against cyclin D1 recognized by FITC- conjugated secondary antibodies for mouse and 

antibodies specifically against MCM8 recognized by TRITC conjugated secondary 

antibodies for rabbit. (D) Mapping binding motif of cyclin D1 on MCM8. Left: Schematic 

diagram of fusion proteins of a series of MCM8 deletion mutants with glutathione-S-

transferase (GST) protein. Right: Binding assays of GST or GST-MCM8 deletion mutants 

with HisTAG-cyclin D1 purified from E.coli. The bound cyclin D1 was blotted with anti-

cyclin D1 antibodies. Top panel: Immunoblots with antibodies specific for cyclin D1; 

Bottom panel: Coomassie staining of the fusion proteins.
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Figure 5. MCM8 enhanced CDK4 kinase activity
(A) Complex formation of GST-CDK4/cyclin D1/HisTAG-MCM8. The binding assays were 

performed on E.coli produced GST-CDK4 with GST-CCND1 (lane 1) or GST-CDK4 with 

GST-CCND1 and HisTAG-MCM8 (lane 2). The GST-CDK4/cyclin D1/HisTAG-MCM8 

complex was purified from HisTAG column, resolved in 6% non-denaturing gel, and 

immunoblotted with antibodies specific for CDK4, cyclin D1 or MCM8. (B) One hundred 

nanograms of GST-CDK4/CCND1 (from Sf9 cells) were incubated with various 

concentrations of ATP as indicated and 50 ng of Rb, in the absence or presence of MCM8 or 

ΔMCM8delaa261-290 (dMCM8) or ΔMCM8aa261-290 (MCM8 cyclin D1 binding motif –

MCM8 CBM) plus MCM8 for 30 min at 37°C using ATP-GLO™ kinase assay kit. CDK4 

and GST were used as controls. Rb phosphorylation quantified after immunoprecipitation 

using antibodies specific for Rb protein. (C) MCM8 co-immunoprecipitated with p27, p21, 

cyclin D1 and CDK4 in PC3 cells.

He et al. Page 20

Oncogene. Author manuscript; available in PMC 2017 November 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. MCM8 is required for Rb phosphorylation in vivo
(A) Knocked down of MCM8 abrogated Rb phosphorylation in M8P#5 and M8D#1 cells 

(left panel). Expression of mutant MCM8 that interferes with cyclin D1/MCM8 binding 

decreased Rb phosphorylation in PC3 (CBM#2 and CBM#8) cells transformed with 

pCDNA4-CBM-FLAG/pCDNA6 (cyclin D1 binding motif-FLAG) (middle panel), while 

expression of MCM8 mutant that lacks cyclin D1 binding motif had no impact on Rb 

phosphorylation. (B) In vitro kinase assays of immunoprecipitates of CDK4 from replicate 

samples of (A) using GST-Rb as substrate. Triplicate experiments were performed. Standard 

deviation is indicated. (C) Immunoblot analysis of cyclin D1, MCM8 and β-actin in M8P#5 

and M8D#1 cells transfected with pCMVscript (pCMV) or pCMV-CCND1 (CCND1). DNA 

licensing of Cdt, MCM6, and MCM7 was shown. (D) BrdU labeling and cell cycle analyses 

of replicate samples from (C). Triplicate experiments were performed. Standard deviation is 

indicated.
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Table 1

Human malignancies with MCM8 over-expression

Malignancy Fold change p value

T-cell acute lymphoblastic leukemia 5.2 1.3 × 10−7

Medulloblastoma 3.7 1.03 × 10−7

Nasopharyngeal carcinoma 3.5 4.77 × 10−9

Glioblastoma Multiforme 3.25 1.32 × 10−7

Pediatric high grade glioma 3.3 3.57 × 10−7

Primitive neuroectodermal tumor 3.03 8.0 × 10−4

Non-small cell lung cancer 3.0 1.3 × 10−19

 Adenocarcinoma 2.64 5.3 × 10−10

 Squamous carcinoma 3.4 1.4 × 10−16

Adrenocortical carcinoma 2.64 1.65 × 10−4

Hepatocellular carcinoma, HCV related 2.3 0.019

Prostate cancer

 Luo, et al 2.0 0.02

 Yu, et al 2.04 0.001

 LaTulippe, et al 1.94 7.8 × 10−4

Breast cancer 2.14 1.86 × 10−8

 Luminal A 2.0 3.03 × 10−7

 Luminal B 3.03 7.6 × 10−8

 Triple negative breast cancer 5.27 2.1 × 10−14

Rhabdoid tumor 2.64 1.2 × 10−4

Oncogene. Author manuscript; available in PMC 2017 November 08.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

He et al. Page 23

Table 2

Human malignancies with gain of MCM8 gene copy number

Malignancy % Average gains

Prostate cancer

 Yu et al 19 3.86

 TCGA 8 2.76

Bladder cancer (TCGA) 32 2.7

Breast cancer (TCGA) 40.6 3.16

Colon cancer (TCGA 63.5 3.23

Esophageal carcinoma (TCGA) 48.8 2.78

Glioblastoma Multiforme (TCGA) 36.1 2.76

Liver cancer (TCGA) 30.4 2.89

Non-small cell lung cancer

 Adenocarcinoma (TCGA) 26.1 2.75

 Squamous cell carcinoma (TCGA) 32.1 2.74

Pancreas adenocarcinoma (TCGA) 18.4 2.7

Head and Neck squamous cell carcinoma (TCGA) 22.6 2.6

Acute myeloid leukemia(TCGA) 16.9 3.2

Ovarian cancer (TCGA) 61.5 3.03

Rectum adenocarcinoma (TCGA) 79.7 3.27

Sarcoma (TCGA) 31.8 2.82

Thyroid carcinoma (TCGA) 4.2 2.86

Uterine corpus endometrial carcinoma (TCGA) 26.6 2.82
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Table 3

Primer sequences for pGST-MCM8 mutants

Plasmid name Sequence

pGST-MCM81n1 aggaattcccgggtcgacataaagcctctttgcaccaag/agtcacgatgcggccgcccgagttgacaatgagtttaaac

pGST-MCM81n2 aggaattcccgggtcgaccccacaaagtgtcctgtgcct/agtcacgatgcggccgcccgagttgacaatgagtttaaac

pGST-MCM81n3 aggaattcccgggtcgacatcaaaatccaggaattgatg/agtcacgatgcggccgcccgagttgacaatgagtttaaac

pGST-MCM81n4 aggaattcccgggtcgacgatagctgtgtcccgggagac/agtcacgatgcggccgcccgagttgacaatgagtttaaac

pGST-MCM81n5 aggaattcccgggtcgactgtatgttccttttgtatatt/agtcacgatgcggccgcccgagttgacaatgagtttaaac

pGST-MCM81n6 aggaattcccgggtcgacatgttgatggagttctcactt/agtcacgatgcggccgcccgagttgacaatgagtttaaac

pGST-MCM81c1 aggaattcccgggtcgacacacagctcaagaatgtcaga/agtcacgatgcggccgctccatgcttacacccatcctc

pGST-MCM81c2 aggaattcccgggtcgacacacagctcaagaatgtcaga/agtcacgatgcggccgccttgtcattcttatttcgagaac

pGST-MCM81c3 aggaattcccgggtcgacacacagctcaagaatgtcaga/agtcacgatgcggccgccacaagatcatgaacaagctc

pGST-MCM81c4 aggaattcccgggtcgacacacagctcaagaatgtcaga/agtcacgatgcggccgctgactgccagtccatcgtaac

pGST-MCM81c5 aggaattcccgggtcgacacacagctcaagaatgtcaga/agtcacgatgcggccgcaagactgtattttccatctgg

pGST-MCM81c6 aggaattcccgggtcgacacacagctcaagaatgtcaga/agtcacgatgcggccgcattactgacacgaaccactgtc

Oncogene. Author manuscript; available in PMC 2017 November 08.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

He et al. Page 25

Ta
b

le
 4

C
lin

ic
al

 a
nd

 P
at

ho
lo

gi
ca

l c
ha

ra
ct

er
is

tic
s 

of
 P

ro
st

at
e 

C
an

ce
r 

Sa
m

pl
es

P
at

ho
lo

gi
ca

l s
ta

ge
N

um
be

r
G

le
as

on
 s

co
re

s
R

ec
ur

re
nt

* P
C

 f
re

e*
U

nd
et

er
m

in
ed

 o
ut

co
m

e+

T
2a

5
5–

7
3/

7
2/

7
   

2/
7

T
2b

11
5

6–
10

45
/1

15
69

/1
15

   
1/

11
5

T
2c

2
5,

7
1/

2
1/

2
   

0/
2

T
3a

23
6–

8
11

/2
3

12
/2

3
   

0/
23

T
3b

14
7–

9
7/

14
7/

14
   

0/
14

T
3c

1
7

0/
1

1/
1

   
0/

1

T
4

3
8

0/
3

3/
3

   
0/

3

* - 
cl

in
ic

al
 f

ol
lo

w
-u

p 
fo

r 
5 

ye
ar

s;

+ - 
N

o 
ad

eq
ua

te
 c

lin
ic

al
 f

ol
lo

w
-u

p.

Oncogene. Author manuscript; available in PMC 2017 November 08.


	Abstract
	Introduction
	Results
	Discussion
	Materials and Methods
	Materials and cell lines
	Sample preparation
	Fluorescence In-situ Hybridization and SYBR-green real-time quantitation PCR
	Plasmid construction
	Construction of MCM8 expressing cell lines
	Immunoblot detection of MCM8, chromatin association and co-immunoprecipitation
	Cell Cycle Analysis
	Immunohistochemistry and tissue array analysis
	Tumor growth and spontaneous metastasis
	TCGA data analysis
	Survival analysis
	Yeast Two-Hybrid library screening
	In vitro kinase assay

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1
	Table 2
	Table 3
	Table 4

