
Oncotarget104813www.impactjournals.com/oncotarget

Lamin B2 binding to minichromosome maintenance complex 
component 7 promotes non-small cell lung carcinogenesis

Yinan Ma1, Liangru Fei1, Meiyu Zhang1, Wenzhu Zhang1, Xiaofang Liu2, Congcong 
Wang2, Yuan Luo1, Haiyan Zhang4 and Yuchen Han1,2,3

1Departments of Pathology, School of Basic Medical Sciences, China Medical University, Liaoning, China
2Department of Pathology, The First Affiliated Hospital of China Medical University, Liaoning, China
3Department of Pathology, Shanghai Chest Hospital, Shanghai, China
4Department of Pathology, The First People’s Hospital of Jining, Shandong, China

Correspondence to: Yuchen Han, email: ychan@cmu.edu.cn
Keywords: lamin B2; MCM7; DNA replication; NSCLC
Abbreviations: NSCLC: non-small cell lung cancer; MCM7: Minichromosome maintenance complex component 7
Received: January 04, 2017    Accepted: July 17, 2017    Published: August 18, 2017
Copyright: Ma et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License 3.0 
(CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source 
are credited.

ABSTRACT

We investigated the role of lamin B2 in non-small cell lung cancer (NSCLC). We 
detected higher lamin B2 expression in 20 NSCLC tumor tissues obtained from The 
Cancer Genome Atlas than in adjacent normal lung tissues. LMNB2-RNAi knockdown 
in A549 and H1299 NSCLC cells inhibited colony formation, cell proliferation and G1-S 
cell cycle progression while increasing apoptosis. LMNB2 overexpression had the 
opposite effects. Tumor xenograft experiments showed diminished tumor growth with 
LMNB2 knockdown H1299 cells than with controls. Yeast two-hybrid studies revealed 
minichromosome maintenance complex component 7 (MCM7) to be a binding partner 
of lamin B2, which was confirmed by co-immunoprecipitation and co-localization 
studies. Lamin B2 binding enhanced DNA binding and helicase activities of MCM7. 
Deletion analysis with MCM7-N, MCM7-M or MCM7-C mutant proteins showed that 
lamin B2 binds to the C-terminus of MCM7, and competes with the binding of the 
tumor suppressor retinoblastoma (RB) protein. Immunohistochemical analysis of 
150 NSCLC patient samples revealed that both lamin B2 and MCM7 levels positively 
correlated with histological grade and tumor TNM stage. Moreover, high lamin B2 
and MCM7 levels correlated with shorter overall survival of NSCLC patients. In sum, 
these results show that lamin B2 interaction with MCM7 promotes NSCLC progression.

INTRODUCTION

Lamins are intermediate filament proteins that 
form a scaffold known as the nuclear lamina [1]. They 
are involved in tissue homeostasis and elicit large-scale 
or fine chromatin conformational changes, accelerate the 
DNA damage response, and affect transcription factor 
shuttling [2]. Lamins orchestrate the organization of the 
genome, which is essential for normal gene transcription 
and silencing, DNA replication and repair, positioning 
of nuclear pore complexes, chromatin remodeling, and 
nuclear envelope breakdown and reassembly during 

mitosis [3, 4, 5]. DNA replication is stalled in the initiation 
and elongation phases when the lamin network is disrupted 
[6, 7]. Lamin mutations are also associated with increased 
DNA damage [8]. Thus, laminopathies are a heterogenous 
group of diseases due to lamin mutations and/or defects in 
their expression or post-translational processing [9, 10].

The mechanical microenvironment plays a crucial 
role in tumor growth and progression [11, 12]. Since 
lamins play a central role in the mechanoregulation of 
gene expression, changes in lamin levels influence cellular 
response to changes in their mechanical environment [13–
16]. There are two types of lamins in mammalian cells, 
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namely, lamin A/C and lamin B, which are encoded by 
LMNA, LMNB1, and LMNB2 genes [17]. Many recent 
studies have reported link between lamins and cancer. 
A-type lamins increase the invasiveness of colorectal 
cancer (CRC) by promoting a more stem cell-like 
phenotype, thereby decreasing survival times [18]. Low 
LMNA expression is associated with increased disease 
recurrence in stage II and III colon cancer patients [19]. 
Lamin A/C is overexpressed in neuroblastoma, prostate 
cancer, hepatocellular carcinoma, breast cancer and low 
grade endometrial cancer [20–25]. Lamin A is aberrantly 
distributed in the cell line GLC-A1, derived from lung 
adenocarcinoma [26]. Lamin B1 expression correlates 
with poor prognosis in hepatocellular carcinoma, prostate 
cancer and pancrea cancer [27, 28]. However, the role of 
lamin B2 in cancer is still unclear.

Minichromosome maintenance complex (MCM) 
components 2–7 are highly conserved from yeast to 
humans. They are recruited as a hexamer to the chromatin 
and form the pre-replication complex by binding to the 
origin recognition complex, Cdt1, and Cdc6 during early 
G1 phase, thereby initiating DNA replication [29, 30]. 
To ensure that DNA replication is only initiated once per 
cell cycle, MCM complexes shut down during S, G2, and 
early M phase to prevent re-initiation of DNA synthesis 
[31]. The complex consisting of MCM4, MCM6, and 
MCM7 has DNA helicase activity [32]. MCM7 is a crucial 
component of the DNA replication licensing complex in 
eukaryotes [33] and it might lead to increased or decreased 
DNA replication licensing activity of the MCM complex, 
and guide the cells into a higher level of proliferation 
or cell growth arrest [34]. MCM7 is correlated with 
tumorigenesis in several human malignancies, including 
prostate cancer [35], endometrial carcinoma, ovarian 
cancer, and colorectal adenocarcinoma [36–38]. In 
this study, we investigated the role of lamin B2 and its 
association with MCM7 in non-small cell lung cancer 
(NSCLC).

RESULTS

Lamin B2 is overexpressed in NSCLC

As shown in Table 1 and Figure 1A, lung cancer 
samples from the The Cancer Genome Atlas (TCGA) 
showed high lamin B2 mRNA expression in NSCLC than 
in normal tissues. Western blot and qPCR analysis also 
showed high lamin B2 expression in 20 NSCLC cancer 
tissues than in adjacent normal lung tissues (Figure 1B-1C).

Lamin B2 promotes lung cancer cell 
proliferation

To investigate the role of lamin B2 in NSCLC 
growth, we transiently knocked down LMNB2 with 
LMNB2-RNAi or overexpressed LMNB2 with GFP-

LMNB2 vector in A549 and H1299 lung cancer cell 
lines with their corresponding controls. LMNB2-RNAi 
knockdown in NSCLC cell lines inhibited colony 
formation and cell proliferation, but promoted apoptosis 
(Figure 2A-2C). Conversely, LMNB2 overexpression 
increased colony formation and cell proliferation while 
inhibiting apoptosis (Figure 3A-3C). Moreover, LMNB2-
RNAi increased percentage of G0/G1 phase cells (Figure 
4A). This suggested that lamin B2 regulated the G1-S 
checkpoint. To confirm this, we analyzed the effect 
of lamin B2 knockdown on the regulators of cell cycle 
progression at the G1/S boundary. LMNB2 knockdown 
decreased cyclinD1, cyclinE1, and the CDK inhibitor 
p27 levels whereas cyclinB1, which is involved in 
G2/M phase were not affected (Figure 4A). Tumor 
xenograft experiments in nude mice showed that LMNB2 
knockdown inhibited tumorigenesis (Figure 4B).

Lamin B2 binds to MCM7 C- terminus and 
enhances MCM7 chromatin binding and helicase 
activities

Next, we analyzed the interaction between lamin B2 
and MCM7. Yeast two-hybrid screening identified lamin 
B2 as one of proteins that interacted with MCM7. This 
was confirmed by co-transformation with pBD-MCM7 
and pAD-lamin B2 under stringent selection conditions 
(Figure 5A). Then, we demonstrated lamin B2 interaction 
with MCM7 in vivo by co-transfecting Flag-MCM7 and 
GFP-Lamin B2 into A549 cells and co-IP experiments 
(Figure 5B). Moreover, lamin B2 and MCM7 co-
localized in the nucleoplasm of A549 cells as visualized 
by immunofluorescence with anti-lamin B2 and anti-
MCM7 antibodies (Figure 5C). Co-immunoprecipitation 
experiments with anti-lamin B2 or anti-MCM7 antibodies 
demonstrated direct interaction between lamin B2 and 
MCM7 (Figure 5D).

Next, to identify the binding site for lamin B2 in 
MCM7, we cloned the N-terminal (247 amino acids), 
mid-segment (186 amino acids), and C-terminal (219 
amino acids) fragments of MCM7 into pGEX-5X 
to generate GST tagged MCM7-N, MCM7-M, and 
MCM7-C fusion proteins, respectively (Figure 6A). 
GST pulldown experiments demonstrated that lamin B2 
bound to GST-MCM7 C (Figure 6A). Then, we generated 
a MCM7 C-terminus deletion mutant, V5-ΔMCM7 and 
demonstrated by co-immunoprecipitation that lamin B2 
binding was abolished by deleting the C-terminal fragment 
of MCM7 (Figure 6B). Further, transfection of V5-
ΔMCM7 into A549 cells decreased colony numbers, cell 
proliferation and delayed entry into S-phase (Figure 6C-
6E). Also, the chromatin binding and helicase activities 
of V5-ΔMCM7 were inhibited (Figure 7A, 7B). Overall, 
these data demonstrated that lamin B2 promoted NSCLC 
proliferation by binding to MCM7 C- terminus and 
enhancing its activity.
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Lamin B2 competes with RB for binding to the 
MCM7 C-Terminus

The tumor suppressor protein, retinoblastoma 
protein (RB or pRB) interacts with MCM7 C-terminus 
region encoding amino acids 583–719 and binds to MCM7 
C-terminus 137 amino acids [39, 40]. Immunofluorescence 
studies demonstrated co-localization of RB and MCM7 
in A549 cells (Figure 8A). Also, co-immunoprecipitation 
showed direct interaction between RB and MCM7 (Figure 
8B). GST pull-down assay with MCM7-N, MCM7-M and 
MCM7-C deletion constructs showed RB binding to the 
C-terminus of MCM7 (Figure 8C). This was confirmed 
using the V5-ΔMCM7 transfected A549 cells (Figure 8D). 
Since both lamin B2 and RB bind to MCM7 C-terminus, 
we tested if lamin B2 competed with RB for binding to 
the MCM7 C-terminus. Both co-immunoprecipitation and 
GST pull down experiments showed competitive binding 
between RB and lamin B2 for MCM7 (Figure 8E-8G). 
Besides, we demonstrated increased phospho–Rb and 
released E2F upon binding MCM7 in A549 cells (Figure 
8H).

High lamin B2 and MCM7 correlate with poor 
survival of NSCLC patients

Next, we performed immunohistochemical analysis 
of 150 NSCLC patient samples using tissue chips to 
analyze lamin B2 and MCM7. We observed that lamin 
B2 levels positively correlated with MCM7 levels (Figure 
9A, Table 2). Moreover, both lamin B2 and MCM7 levels 
correlated with histological grade, and tumor TNM stage 
(Table 3). A log-rank test showed that high lamin B2 and 
MCM7 levels correlated with shorter overall survival of 
NSCLC patients (Figure 9B).

DISCUSSION

In this study, we demonstrated that lamin B2 
regulates human NSCLC progression by binding to 
MCM7 C-terminus and enhancing its chromatin binding 
and helcase activities. Moreover, lamin B2 competes with 
RB for binding to the MCM7 C-terminus.

Previous studies have demonstrated that lamin A/C 
is overexpressed in A549 cells and is a potential biomarker 
for early detection of lung cancer [41]. On the other 
hand, lamin B1 is a promising biomarker for later stages 
of lung cancer [42]. However, the relationship between 
lamin B2 and lung cancer has never been reported. In 
this study, high lamin B2 expression correlated with 
differentiation and higher TNM stage of NSCLC. 
Furthermore, we demonstrated that lamin B2 promotes 
NSCLC proliferation and tumorigenesis. Lamin B2 
interacts with the MCM7 C-terminus, which contains the 
helicase catalytic domain, whereas the N-terminal region 
participates in DNA binding [43–45]. Lamin B2 binding 
to MCM7 C-terminus enhances the catalytic domain 
and promotes the DNA association and helicase activity. 
MCM7 C-terminus contains two domains, carboxy-
terminal domain (CTD) and subunit-specific sequence 
extensions at their C termini (CTE) [46]. Moreover, lamin 
B2 competes with RB for binding the MCM7 C-terminus. 
When RB binds MCM7, it suppresses the helicase activity 
of MCM7 [40]. Therefore, we postulate that lamin B2 
binding to MCM7 competes out RB and promotes MCM7 
helicase activity and subsequent cell proliferation.

RB is a chromatin-associated protein that limits the 
transcription of cell cycle genes primarily by regulating 
the E2F transcription factor. RB recruits and stabilizes 
complexes that repress transcription of E2F targets, 
thereby restricting the expression of genes required for 
cell proliferation [47, 48]. RB is broadly expressed and 
its activity is controlled by cyclin-dependent kinases 
(CDKs) [49]. MCM8 bound cyclin D1 and activated 
Rb protein phosphorylation by cyclin-dependent kinase 
4 (CDK4) in vitro and in vivo. The cyclin D1/MCM8 
interaction is required for Rb phosphorylation and 
S-phase entry in prostate cancer cells [50]. RB undergoes 
selective phosphorylation by p38 in its N-terminus and 
becomes insensitive to the inactivation by CDKs [51]. 
Above all, the N-terminus of RB is critical for CDK 
phosphorylation. We showed that RB binds to MCM7 
near the phosphorylation target sites of CDK and thereby 
decreases RB phosphorylation. Also, we demonstrated that 
when lamin B2 competes with RB for binding MCM7, 
RB is hyper-phosphorylated resulting in release of E2Fs. 
These results confirm the competitive binding of lamin B2 

Table 1: LMNB2 expression in TCGA lung cancer patient cohorts

Gene Histology Sample-up Sample-down P -value

LMNB2 LUAD 46 11 1.13E-16

LUSC 50 0 7.74E-91

1. LUAD: lung adenocarcinoma. LUSC: lung squamous carcinoma. 2. Sample-up: The counts of samples LMNB2 up-
regulated in original data (The up-graduated is defined as the cancer sample counts higher than the cancer adjacent sample 
counts). Sample-down: The counts of samples LMNB2 down-regulated in original data (The down-graduated is defined as 
the cancer sample counts lower than the cancer adjacent sample counts). 3. P-value<0.05 is significant.
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Figure 1: Lamin B2 is overexpressed in NSCLC. (A) LMNB2 expression in lung cancer samples from the TCGA. LMNB2 is up-
regulated in lung adenocarcinoma (left) and in lung squamous carcinoma (right). (B) Western blot analysis of lamin B2 protein expression 
in 20 cases of lung cancer tissues with paired normal lung tissue (p<0.01). β-actin is used as internal control. (C) Lamin B2 mRNA 
expression in 20 cases of lung cancer tissues with paired normal lung tissue (p<0.01).
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Figure 2: Knockdown Lamin B2 inhibits NSCLC proliferation. (A) Western blot and colony number analysis of A549 (left) 
and H1299 (right) NSCLC cells transfected with NC-RNAi and LMNB2-RNAi. (B) MTT cell growth analysis of A549 (left) and H1299 
(right) NSCLC cells transfected with NC-RNAi and LMNB2-RNAi (P<0.01). (C) Apoptotic rates of A549 (left) and H1299 (right) cells 
transfected with NC-RNAi and LMNB2-RNAi (P<0.01).
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Figure 3: Overexpressed Lamin B2 promotes NSCLC proliferation. (A) Western blot and colony number analysis of A549 (left) 
and H1299 (right) NSCLC cells transfected with GFP-vector or GFP-LMNB2 (P<0.01). (B) MTT cell growth analysis of A549 (left) and 
H1299 (right) NSCLC cells transfected with GFP-vector or GFP-LMNB2 (P<0.01). (C) Apoptotic rates of A549 (left) and H1299 (right) 
cells transfected with GFP-vector or GFP-LMNB2 (P<0.01).
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Figure 4: Lamin B2 prolongs S phase and promotes tumorigenesis. (A) Cell cycle analysis showing percent G0/G1, S and 
G2/M phase cells in (left) LMB2- or NC-RNAi transfected A549 cells and (right) control GFP vector or GFP-LMNB2 transfected A549 
cells. As shown, lamin B2 knockdown increases percent G0/G1 phase cells while decreasing percent S phase cells. On the other hand, 
overexpression of laminB2 decreases percent G0/G1 phase cells while increasing percent S phase cells. (both P < 0.01). Also, comparative 
western blot analysis of cell cycle regulatory proteins, cyclin D1, cyclin E1, p27, cyclin B1 in (left) LMB2- or NC-RNAi transfected A549 
cells and (right) control GFP vector or GFP-LMNB2 transfected A549 cells is shown. (B) BALB/C nude mice (10 mice each, 5 weeks old) 
were injected subcutaneously with NC- or LMNB2 RNAi transfected H1299 cells in the right flanks. The subcutaneous tumors at 25 days 
after transplant are shown. Histograms represent average tumor weight (left) and average tumor volume (right) of the mice xenografted with 
NC- or LMNB2 RNAi transfected H1299 cells (P < 0.01).
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Figure 5: Lamin B2 binds to C-terminus of MCM7. (A) The pBD-MCM7 and pAD-Lamin B2 co-transformants were grown on 
SD agar plates with highly stringent nutrient selection (SD-leu-Trp-His-Ade) confirming the interaction between MCM7 and lamin B2. 
The pGBKT7-p53 and pGADT7-T-antigen co-transformants were used as positive control and pGBKT7-lam and pGADT7-T-antigen 
co-transformants were used as negative control. (B) Protein lysates of A549 cells that were co-transfected with Flag-MCM7 and GFP-
Lamin B2 were immunoprecipitated with anti-GFP (left) or Flag (right) antibodies and immunoblotted with GFP or FLAG antibody. (C) 
Immunofluorescence staining of A549 cells with mouse anti-lamin B2 primary and anti-mouse FITC-conjugated secondary antibodies 
(green staining) and with rabbit anti-MCM7 primary and anti-rabbit TRITC-conjugated secondary antibodies (red staining). DAPI was used 
to stain the nuclei (blue staining). (D) Co-immunoprecipitation analysis of MCM7 or laminB2 from A549 cell lysates with anti-laminB2 or 
anti-MCM7 antibodies. IP with anti-IgG antibodies was used as negative control.
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Figure 6: Lamin B2 promotes NSCLC proliferation by interacting with C-terminus of MCM7. (A) Analysis of LMNB2 
binding domain in MCM7 protein. (Top) Schematic representation of GST tagged full length and different deletion mutants of MCM7, 
namely MCM7-N, MCM7-M and MCM7-C. (Bottom) LaminB2 binding assays with GST or GST-MCM7 deletion mutants using A549 
cell lysates. The bound Lamin B2 was immunoblotted with anti-laminB2 antibodies. (B) Confirmation of LMNB2 binding to C-terminus 
of MCM7. (Top) Schematic representation of FLAG-MCM7 (full length) and V5-ΔMCM7 (C-terminus deletion mutant of MCM7) 
(Bottom). Co-immunoprecipitation analysis shows that full length FLAG-MCM7 pulls down laminB2 from A549 lysates, V5-ΔMCM7 
fails to pull down laminB2, thereby demonstrating that laminB2 binds to C-terminus of MCM7. (C) V5-ΔMCM7 transfected A549 cells 
show diminished colony formation ability than Flag-MCM7 transfected A549 cells (P<0.01) (D) MTT cell growth assay shows that V5-
ΔMCM7 transfected A549 cells show diminished growth than Flag-MCM7 transfected A549 cells (P<0.01). (E) Cell cycle analysis by flow 
cytometry shows increased percent G0/G1 and decreased percent S phase cells in V5-ΔMCM7 transfected A549 cells than Flag-MCM7 
transfected A549 cells (P<0.01).
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and RB to MCM7. On the contrary, it is possible that since 
lamin B2 promotes NSCLC cell proliferation and DNA 
replication, it may consequentially lead to inactive RB and 
release E2Fs.

Lamin B2 is a biomarker of novel proteins involved 
in chromosomal instability [52]. The loss of lamin 
B2 relieves the spatial positional constraints required 
to maintain the conserved localization of aneuploid 
chromosome territories in the interphase nucleus [53]. In 

ovarian cancer, lamin B2 is overexpressed [54], whereas 
its low expression in prostate cancer correlates with lymph 
node metastasis [55]. In our study, high lamin B2 increases 
NSCLC cell proliferation.

Recently, there were some studies about the 
significant role of protein-protein interactions in biological 
systems relevant to various human diseases, such as: a 
rhodium(III) complex emerged as a potent inhibitor of 
STAT3 that targeted the SH2 domain and inhibited STAT3 

Figure 7: Lamin B2 increases MCM7 activity. (A) Chromatin association experiments demonstrate that LMNB2 knockdown 
decreases MCM7 chromatin association, whereas LMNB2 overexpression increases MCM7 chromatin association than in control cells 
(P<0.01). Note: The chromatin (Chr) and non-chromatin (Non-Chr) fractions were purified and immunoblotted with antibodies specific for 
MCM7. Antibodies against histone H3 and glyceraldehyde-3-phosphate dehydrogenase were used as chromatin purity controls (P<0.01) 
(B) Helicase activity of MCM7 is decreased in LMNB2-RNAi transfected cells and increased in GFP-LMNB2 transfected cells than in 
control cells (P<0.01). MCM7 was immunoprecipitated with anti-MCM7 antibodies from A549 cells transfected with shLMNB2 or GFP-
LMNB2 vectors and their corresponding controls. Helicase assays were performed with a Cy5-labeled DNA duplex template and biotin-
labeled oligocapture probe. The probes were then captured onto streptavidin-agarose beads (Thermo Fisher Scientific, USA) and washed 
by 1X TBST buffer thrice and analyzed the fluorescence intensity by Thermo Varioskan Flash. (P<0.01).
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Figure 8: Lamin B2 and RB competitively bind to the MCM7 C-Terminus. (A) Immunofluorescence staining of A549 cells 
with mouse anti-RB primary and anti-mouse FITC-conjugated secondary antibodies (green) and rabbit anti-MCM7 primary and anti-rabbit 
TRITC-conjugated secondary antibodies (red). The nuclei were stained with DAPI. (B) MCM7 and RB proteins were immunoprecipitated 
from lysates of A549 cells transfected with Flag-MCM7 and HA-RB with anti-Flag (left) or HA (right) antibodies. Immunoblotting was 
performed with anti HA or Flag antibodies, respectively. (C) GST pulldown assay with GST-tagged MCM7 deletion constructs namely, 
MCM7-N, -M and –C shows that RB binds MCM7 C-terminus. (D) RB and MCM7 were immunoprecipitated with anti-HA-antibodies 
from HA-RB/Flag-MCM7 (left) or HA-RB/V5ΔMCM7 (right) transfected A549 cells. The immunoblots were probed with anti-FLAG and 
anti-V5 antibodies. As shown, RB interacts with the C-terminus of the MCM7. (E, F) Co-immunoprecipitation assay shows that increased 
knockdown (1μg, 2.5μg, 5μg shLMNB2) or overexpression (1μg, 2.5μg, 5μg GFP-LMNB2) of LMNB2 results in increased or decreased 
binding of RB to MCM7 (P<0.01). (G) GST pulldown assay with MCM7-C lysates and different amounts of anti-LMNB2 antibody (1μg, 
2.5μg, 5μg) shows decreasing amounts of RB with increasing LMNB2. (H) A549 cells transfected with shLMNB2 or GFP-LMNB2 and 
their corresponding controls shows decreased or increased phospho Ser807/811 RB and E2F, respectively (P<0.01).



Oncotarget104824www.impactjournals.com/oncotarget

Figure 9: Lamin B2 and MCM7 expression in clinical NSCLC samples. (A) Immunohistochemical analysis of lamin B2 and 
MCM7 expression in NSCLC tissue samples. Red arrows point to nuclear laminB2 staining in (a) normal bronchial epithelium, (c) poorly-
differentiated lung adenocarcinoma (e) poorly-differentiated squamous cell lung carcinoma and nuclear MCM7 expression in (b) normal 
bronchial epithelium, (d) poorly-differentiated lung adenocarcinoma, (f) poorly-differentiated squamous cell lung carcinoma. (B) Kaplan 
Meier survival curves show the overall survival rates in 150 NSCLC patients based on low and high laminB2 (left) and MCM7 (right). As 
shown, high laminB2 and MCM7 expressing patients had poor survival rates than low laminB2 and MCM7 expressing patients.
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phosphorylation and dimerization. Then, the complex 
exhibited potent anti-tumor activities in an in vivo mouse 
xenograft model of melanoma [56]. Metal-based complex 
1 as a direct inhibitor of TLR1/2 heterodimerization [57]. 
In our study, we found that lamin B2 interacted with 
MCM7 then promoted NSCLC proliferation.

In summary, we demonstrate that lamin B2 promotes 
NSCLC growth and progression by competitively 
binding to MCM7 and dislodging RB, thereby enhancing 
chromatin binding and helicase activities of MCM7.

MATERIALS AND METHODS

NSCLC cell culture and transfections

Human lung cancer cell lines A549 and H1299 
were purchased from the Type Culture Collection of the 
Chinese Academy of Sciences (Shanghai, China). They 

were grown at 37°C in 5% CO2 in RPMI-1640 medium 
supplemented with 10% fetal bovine serum (Gibco, Life 
Technologies) and 1% penicillin-streptomycin (JRH 
Biosciences, St. Louis, MD, USA).

The pCMV6-LMNB2-GFP and control pCMV6-
GFP vectors were purchased from OriGene Technologies 
(Beijing, China). The pENTER-MCM7-Flag and 
pENTER-ΔMCM7-V5 were purchased from Taihegene 
Technologies (Beijing, China). The shRNA targeting the 
LMNB2 (sense, 5'-TGGAGATCAACGCCTACCG-3'; 
antisense, 5'-AGCCGCTTCCGCTTACTG-3') were 
designed by the Shanghai GeneChem, Co. Ltd, China. The 
lentiviral vector containing LMNB2 shRNA was named 
LMNB2-RNAi, whereas the vector containing scrambled 
control shRNA was named NC-RNAi. Transfection with 
plasmids, shRNA and GFP-vector into A549 and H1299 
cell lines were performed using Lipofectamine 3000 
(Invitrogen, USA).

Table 2: Correlation between lamin B2 and MCM7 expression in NSCLC patients

MCM7 Expression

lamin B2 
Expression

Low High

No. patients R P

Low 95 17 0.446 <0.001

High 15 23

Table 3: Relationship between lamin B2 and MCM7 expression with clinico pathological features in NSCLC patients

lamin B2 MCM7

Characteristics Cases Low High P Low High P

Age

 ≤55 27 6(22.2%) 21(77.8%) 0.116 25(29.8%) 59(70.2%) 0.588

 >55 123 47(38.2%) 76(61.8%) 17(25.8%) 49(74.2%)

Gender

 Male 112 38(33.9%) 74(66.1%) 0.537 41(63.1%) 24(36.9%) 0.415

 Female 38 15(39.5%) 23(60.5%) 59(69.4%) 46(30.6%)

Histology

 ADC 75 31(41.3%) 44(58.7%) 0.124 30(31.6%) 65(68.4%) 0.206

 SCC 75 22(29.3%) 53(70.7%) 23(41.8%) 32(58.2%)

Differentiation

 Well 61 40(65.6%) 21(34.4%) 0.002 30(61.9%) 24(38.1%) 0.001

 Moderate-
Poor 89 35(39.3%) 54(60.7%) 31(35.6%) 56(64.4%)

TNM stage

 I 71 36(50.7%) 35(49.3%) 0.004 43(68.3%) 20(31.7%) 0.002

 I+III+IV 79 22(27.8%) 57(72.2%) 37(42.5%) 50(57.5%)

ADC: adenocarcinoma; SCC: squamous cell carcinoma.
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Patients and specimens

This study was approved by the Human Research 
Ethics Committee of China Medical University. All 
patients gave informed consent and were subject to close 
follow-up observations. None of these patients received 
chemotherapy or radiotherapy before the operation. 
Histological grade, histological type and lymphatic 
metastasis were determined by the pathologists. Tumor 
stages were classified according to the tumor node 
metastasis (TNM) classification of the American Joint 
Committee on Cancer and the International Union. The 
primary surgical resection tumor specimens were from 
the collection of the First Affiliated Hospital of China 
Medical University, Department of Pathology, March 2011 
- December 2012, including 4 primary tumor and matched 
normal lung tissue samples.

Western blotting

The cell lysates were suspended in RIPA buffer 
(Millipore, Billerica, MA, USA) and equal amounts (50 
μg) of total protein samples were loaded onto an 8% 
SDS-PAGE gel and electrophoresed at 100V for 1.5h. 
The separated proteins were transferred onto PVDF 
membrane (Millipore, Billerica, MA, USA) at 100V for 
1 h. The membranes were then blocked with 5 % BSA 
in 1X TBST for 2 h at room temperature followed by 
incubation with the primary antibodies overnight: Lamin 
B2 (Abcam, ab8983), Lamin A/C (Abcam, ab169532) 
and Lamin B1 (Abcam, ab16048). MCM2 (Proteintech, 
10513-1-AP), MCM3 (Proteintech, 15597-1-AP), MCM4 
(Proteintech, 13043-1-AP), MCM5 (Proteintech, 11703-
1-AP), MCM6 (Proteintech, 13347-1-AP), MCM7 
(Proteintech, 11225-1-AP), MCM10 (Abcam, ab3733). 
Phospho-Rb (Ser807/811) (Cell Signaling Technology, 
#8516), RB (Wanlei Bio, WL01884), E2F (Wanlei Bio, 
WL02394). After washing thrice with 1X TBST, the 
membranes were incubated with the secondary antibodies 
for 1 h at room temperature. Secondary antibodies: Goat 
Anti-Mouse IgG H&L (HRP) (Abcam, ab6789) and Goat 
Anti-Rabbit IgG H&L (HRP) (Abcam, ab6721). All the 
primary and secondary antibodies were diluted 1:1000. 
Then, the blots were developed and visualized using the 
ECL chemiluminescence western blot kit (Thermo Fisher 
Scientific, USA).

Colony formation assay

The A549 and H1299 cells (1000 cells/dish) were 
grown in 40 mm dishes for 24 h after transfection, and 
incubated for 12 days to develop single cell derived 
colonies. RPMI medium with 10% FBS was changed 
every 4 days. On day 12, the plates were washed with PBS 
and stained with hematoxylin and the number of colonies 
with more than 50 cells was counted.

MTT cell growth assay

3-5 x 103 cells were plated in 96-well plates, 
24 h after transfection. Then, 20 μl of 5 mg/ml 
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) was added to each well and the plates 
were further incubated for 4 h at 37°C. The media was 
removed followed by addition of 200 μl DMSO to 
dissolve the deposits. The samples were analyzed in an 
automatic microplate reader at 490 nm. The measurements 
were performed every 24 h for 5 days and a cell growth 
curve was generated from the data.

Annexin V and propidium iodide (PI) staining 
for apoptosis assay

Apoptosis was assessed via flow cytometric analysis 
of NC-RNAi/LMNB2-RNAi or GFP-vector/GEP-LMNB2 
treated A549 or H1299 cells that were stained with FITC-
Annexin V and PI using the Annexin V-FITC apoptosis 
detection kit according to the manufacturer’s protocol 
(BD Bioscience). Cells were seeded onto 6 well plates and 
allowed to adhere. After cells become 70% of confluent, 
cells were treated with NC-RNAi/LMNB2-RNAi or GFP-
vector/GEP-LMNB2 for 48 hours at 37° C and 5% CO2. 
Subsequently, the cells were collected, washed in PBS and 
resuspended in 500 μl of 1X Annexin-binding buffer. Cells 
were then incubated at room temperature with Annexin 
V-FITC and PI stain in the absence of light. Following the 
10-minute incubation, samples were immediately analyzed 
via flow cytometry. Annexin V staining was detected as 
green fluorescence and PI as red fluorescence.

Cell cycle analysis by flow cytometry

A549 cells were synchronized at G0/G1 phase by 
serum starvation. These cells were transfected with control 
shRNA or shLMNB2 or control GFP-vector or GFP-
LMNB2. After 48 h, the cells were fixed with 70% ethanol 
overnight at 4°C and then washed with PBS containing 
1% BSA. The cells were then incubated with 50 μg/ml 
propidium iodide and 100 μg/ml RNase A in PBS for 30 
min followed by flow cytometry analysis in a FACS Calibur 
(BD Biosciences). 10000 cells were analyzed per sample.

Co-immunoprecipitation

Cells were washed with chilled PBS and solubilized 
in lysis buffer containing NP-40 and 1% PMSF. Cell 
lysates were clarified by centrifugation at 15,000 xg for 
25 mins at 4 °C. Then, 1 mg total protein lysates were 
incubated with 5 μg Lamin B2 (Abcam, ab8983) or 
MCM7 (Proteintech, 11225-1-AP) at 4 °C overnight with 
constant rotation. Then, 50 μl of 50% protein G sepharose 
slurry was added to the mixture and further incubated for 
4h with constant rotation. The beads were then collected 



Oncotarget104827www.impactjournals.com/oncotarget

and washed with PBS and then subjected to western 
blotting as described above.

Yeast two hybrid

The fusion protein pBD-MCM7 contained 719 amino 
acids from MCM7 and 219 amino acids from bait domain 
[58]. The construct was transformed into One ShotTM 
competent cells (Invitrogen, Carlsbad, CA). The pAD-
LMNB2 vector was generated from pACT2 in 0.5 ml of 
polyethylene glycol/LiAc at 30°C for 30minutes. After 
this initial incubation with plasmid DNA, the cell solution 
was combined with 20 mL of DMSO and incubated for 15 
minutes at 42°C. The cells were pelleted, resuspended in 1 
mL YPD medium, and shaken at 30°C for 40 minutes. The 
transformed cells were then pelleted, resuspended in 0.5 mL 
0.9% NaCl, and plated onto the appropriate SD agar plate. 
The transformants were first plated on low stringency SD-
Leu/-Trp and medium stringency SD-Leu/-Trp/- His plates. 
The colonies that grew on those plates were then subjected 
to the β-galactosidase assay as previously described for 24 
and then allowed to grow further on the high stringency SD-
Ade/-His/-Leu/-Trp plate.

GST fusion proteins and GST pull down

The Escherichia coli cells harboring pGST-
MCM7 mutants or pGST were grown in 100 ml Luria-
Bertani medium supplemented with 100μg/ml ampicillin 
overnight. They were then induced by 1mM IPTG 
(Thermo Fisher Scientific, USA) for 3 h. The cells were 
pelleted, resuspended in 1×PBS, and sonicated for 2 min. 
The proteins were solubilized in 1% Triton X-100. The 
supernatant was collected after centrifugation at 15,000g 
for 5 min. The GST, GST-MCM7N, GST-MCM7M, 
GST-MCM7C mutant fusion proteins were purified 
through a glutathione-Sepharose 4B column (Amersham 
Bioscience). The pull-down assays were analyzed by 
western blot as previously described.

Chromatin association assay

Cell lysates were resuspended in 1 ml Buffer A (110 
mM KC2H3O2, 15mM NaC2H3O2, 2 mM MgC2H3O2, 0.5 
mM EGTA, 20 mM HEPES pH 7.3). The cell suspension 
was incubated at 4°C for 10 min in a rotator with 2 mM 
DTT and 50 μg/ml digitonin. Nuclei were pelleted by 
centrifugation at 1500 xg for 10 min and resuspended in 
hypotonic buffer B (1mM HEPES pH 7.5, 0.5 mM EDTA 
and 0.5% NP-40). The nuclear suspensions were then 
incubated at 4°C for 15 min in a rotator and laid on top 
of a 10 ml sucrose cushion (100 mM sucrose in 0.5 mM 
Tris-HCl, pH 8.5) and centrifuged at 3500 xg for 15 min at 
4°C. The chromatin pellets were resuspended in 0.25 mM 
EDTA pH 8.0, and sonicated thrice for 10 s. The chromatin 
suspensions were centrifuged twice at high speed for 5 

min at 4°C and the supernatants were retained for western 
blot analysis.

Helicase activity assay

The immunoprecipitated MCM7 was incubated 
with a PCR product of a pUC19 template generated with 
5′-CAAGTTGGGAAGACAACCTG-3′ and 5′-Cy5-
CCAATATGGTGAAACCCCGT-3′ primers, 20 mM Tris-
HCl, pH 7.4, 50 mM NaCl, 3 mM MgCl2, 2 mM ATP, 
20% glycerol, 0.1% bovine serum albumin, and capture 
probe, 5′-CAAGTTGGGAAGACAACCTGTAGGGCCT
GCGGGGT-3′ for 30 minutes at room temperature. The 
reaction was stopped by adding 170 mM EDTA, pH 8.0. 
The probes were then captured onto streptavidin-agarose 
beads (Thermo Fisher Scientific, USA) and washed by 1X 
TBST buffer thrice and analyzed the fluorescence intensity 
by Thermo Varioskan Flash.

Nude mice NSCLC xenograft protocol

H1299 cells were stably transfected with either NC-
RNAi or LMNB2-RNAi. Twenty 5-week old BALB/C 
nude mice (SLAC Laboratory, Shanghai, China) were 
subcutaneously injected with 100 μl control or LMNB2 
knockdown H1299 cells (3×106 cells mixed with matrigel 
in a 1: 1 ratio) into right flanks. After 25 days, the tumor 
volume and weight were recorded every two days until 
the 15th mice were sacrificed. The mice experiments were 
performed according to the protocols approved by the 
Institutional Animal Care and Use Committee.

Statistical analysis

Immunohistochemistry results were analyzed using 
the chi-square test and Spearman rank correlation. Kaplan- 
Meier survival analyses were carried out and compared 
using the log-rank test. Differences between groups were 
compared using two-tailed Student’s t-test; p values < 0.05 
(*) or < 0.01 (**) were considered statistically significant.

Authors contributions

Yu-chen Han and Yinan Ma read the manuscript and 
gave constructive comments and suggestions. Liang-Ru Fei, 
Mei-Yu Zhang, Congcong Wang, Yuan Luo, Wenzhu Zhang, 
Xiaofang Liu and Haiyan Zhang performed all experiments. 
Yinan Ma takes responsibility for the integrity of the article. 
All authors read and approved the final manuscript.

ACKNOWLEDGMENTS

This work was financially supported by the National 
Natural Science Foundation of China (NSFC) grants No. 
81272605 and No. 30971114. We thank Dr. Jianhua Luo 
(University of Pittsburgh School of Medicine, Pittsburgh, 



Oncotarget104828www.impactjournals.com/oncotarget

Pennsylvania) for generously providing pGST-5X, pGST-
MCM7 N, pGST-MCM7 M and pGST-MCM7 C plasmids.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

1. Gruenbaum Y, Foisner R. Lamins, nuclear intermediate 
filament proteins with fundamental functions 
in nuclear mechanics and genome regulation. Annu Rev 
Biochem. 2015; 84: 131-164.

2. Guo Y, Kim Y, Shimi T, Goldman RD, Zheng Y. 
Concentration-dependent lamin assembly and its roles in 
the localization of other nuclear proteins. Mol Biol Cell. 
2014; 25:1287-1297.

3. Taddei A, Hediger F, Neumann FR, Gasser SM. The 
function of nuclear architecture: a genetic approach. Annu 
Rev Genet. 2004; 38:305-345.

4. Goldman RD, Gruenbaum Y, Moir RD, Shumaker 
DK, Spann TP. Nuclear lamins: building blocks of nuclear 
architecture. Genes Dev. 2002; 16:533-547.

5. Gruenbaum Y, Margalit A, Goldman RD, Shumaker 
DK, Wilson KL. The nuclear lamina comes of age. Nat Rev 
Mol Cell Biol. 2005; 6:21-31.

6. Moir RD, Spann TP, Herrmann H, Goldman RD. Disruption 
of nuclear lamin organization blocks the elongation phase 
of DNA replication. J Cell Biol. 2000; 149:1179-1192.

7. Spann TP, Moir RD, Goldman AE, Stick R, Goldman 
RD. Disruption of nuclear lamin organization alters 
the distribution of replication factors and inhibits DNA 
synthesis. J Cell Biol. 1997; 136:1201-1212.

8. Liu B, Wang J, Chan KM, Tjia WM, Deng W, Guan 
X, Huang JD, Li KM, Chau PY, Chen DJ, Pei D, Pendas 
AM, Cadiñanos J, et al. Genomic instability in laminopathy-
based premature aging. Nat Med. 2005; 11:780-785.

9. Ditter TA, Misteli T. The lamin protein family. Genome 
Biol. 2011; 12:222.

10. Muchir A, van Engelen BG, Lammens M, Mislow 
JM, McNally E, Schwartz K, Bonne G. Nuclear envelope 
alterations in fibroblasts from LGMD1B patients carrying 
nonsenseY259X heterozygous or homozygous mutation in 
lamin A/C gene. Exp Cell Res. 2003; 291:352-362.

11. Pickup MW, Mouw JK, Weaver VM. The extracellular 
matrix modulates the hallmarks of cancer. EMBO Rep. 
2014; 15:1243–1253.

12. Wei SC, Yang J. Forcing through tumor metastasis: 
the interplay between tissue rigidity and epithelial-
mesenchymal transition. Trends Cell Biol. 2016; 
26:111–120.

13. Guilluy C, Osborne LD, Van Landeghem L, Sharek L, 
Superfine R, Garcia-Mata R, Burridge K. Isolated nuclei 
adapt to force and reveal amechanotransduction pathway in 
the nucleus. Nat Cell Biol. 2014; 16:376–381.

14. Ho CY, Jaalouk DE, Vartiainen M, Lammerding J. Lamin 
A/C and emerin regulate MKL1-SRF activity by modulating 
actin dynamics. Nature. 2013; 497:507–511.

15. Lammerding J, Schulze PC, Takahashi T, Kozlov S, 
Sullivan T, Kamm RD, Stewart CL, Lee RT. Lamin 
A/C deficiency causes defective nuclearmechanics and 
mechanotransduction. J Clin Invest. 2004; 113:370–378.

16. Lammerding J, Hsiao J, Schulze PC, Kozlov S, Stewart 
CL, Lee RT. Abnormal nuclear shape and impaired 
mechanotransduction inemerin-deficient cells. J Cell Biol. 
2005; 170:781–791.

17. Robin JD, Magdinier F. Physiological and Pathological 
Aging Affects Chromatin Dynamics, Structure and Function 
at the Nuclear Edge. Frontiers in Genetics. 2016; 7:153.

18. Willis ND, Cox TR, Rahman-Casañs SF, Smits 
K, Przyborski SA, van den Brandt P, van Engeland 
M, Weijenberg M, Wilson RG, de Bruïne A, Hutchison CJ. 
Lamin A/C is a risk biomarker in colorectal cancer. PLoS 
One 2008; 3:e2988.

19. Belt EJ, Fijneman RJ, van den Berg EG, Bril H, Delis-van 
Diemen PM, Tijssen M, van Essen HF, de Lange-de Klerk 
ES, Beliën JA, Stockmann HB, Meijer S, Meijer GA. Loss 
of lamin A/C expression in stage II and III colon cancer 
is associated with disease recurrence. Eur J Cancer. 2011; 
47:1837-1845. 

20. Brodeur GM. Neuroblastoma: biological insights into a 
clinical enigma. Nat Rev Cancer. 2003; 3:203-216. 

21. Helfand BT, Wang Y, Pfleghaar K, Shimi T, Taimen 
P, Shumaker DK. Chromosomal regions associated 
with prostate cancer risk localize to lamin B-deficient 
microdomains and exhibit reduced gene transcription. J 
Pathol. 2012; 226:735-745.

22. Kong L, Schäfer G, Bu H, Zhang Y, Zhang Y, Klocker H. 
Lamin A/C protein is overexpressed in tissue-invading 
prostate cancer and promotes prostate cancer cell growth, 
migration and invasion through the PI3K/AKT/PTEN 
pathway. Carcinogenesis. 2012; 33:751-759. 

23. Wong KF, Luk JM. Discovery of lamin B1 and vimentin as 
circulating biomarkers for early hepatocellular carcinoma. 
Methods Mol Biol. 2012; 909:295-310.

24. Wazir U, Ahmed MH, Bridger JM, Harvey A, Jiang 
WG, Sharma AK, Mokbel K. The clinicopathological 
significance of lamin A/C, lamin B1 and lamin B receptor 
mRNA expression in human breast cancer. Cell Mol Biol 
Lett. 2013; 18:595-611.

25. Cicchillitti L, Corrado G, Carosi M, Dabrowska ME, Loria 
R, Falcioni R, Cutillo G, Piaggio G, Vizza E. Prognostic 
role of NF-YA splicing isoforms and Lamin A status in low 
grade endometrial cancer. Oncotarget. 2017; 8:7935-7945. 
https://doi.org/10.18632/oncotarget.13854.

26. Machiels BM, Broers JL, Raymond Y, de Ley L, Kuijpers 
HJ, Caberg NE, Ramaekers FC. Abnormal A-type lamin 
organization in a human lung carcinoma cell line. Eur J Cell 
Biol. 1995; 67:328-335. 

https://doi.org/10.18632/oncotarget.13854


Oncotarget104829www.impactjournals.com/oncotarget

27. Saarinen I, Mirtti T, Seikkula H, Boström PJ, Taimen P. 
Differential predictive roles of A- and B-type nuclear 
lamins in prostate cancer progression. PLoS One. 2015; 
10:e0140671. 

28. Irianto J, Pfeifer CR, Ivanovska IL, Swift J, Discher 
DE. Nuclear lamins in cancer. Cell Mol Bioeng. 2016; 
9:258-267. 

29. Lei M, Tye BK. Initiating DNA synthesis: from recruiting 
to activating the MCM complex. J Cell Sci. 2001; 
114:1447-1454.

30. Kearsey SE, Labib K. MCM proteins: evolution, properties, 
and role in DNA replication. Biochim Biophys Acta. 1998; 
1398:113-136.

31. Zhang XY, Tang LZ, Ren BG, Yu YP, Nelson 
J, Michalopoulos G, Luo JH. Interaction of MCM7 and 
RACK1 for activation of MCM7 and cell growth. Am J 
Pathol. 2013; 182:796-805.

32. Kelman Z, Lee JK, Hurwitz J. The single minichromosome 
maintenance protein of Methanobacterium 
thermoautotrophicum DeltaH contains DNA helicase 
activity. Proc Natl Acad Sci U S A. 1999; 96:14783-14788.

33. Das M, Singh S, Pradhan S, Narayan G. MCM Paradox: 
Abundance of Eukaryotic Replicative Helicases and 
Genomic Integrity. Mol Biol Int. 2014; 2014:574850.

34. Luo JH. Oncogenic activity of MCM7 transforming cluster. 
World J Clin Oncol. 2011; 2:120-124.

35. Ren B, Yu G, Tseng GC, Cieply K, Gavel T, Nelson 
J, Michalopoulos G, Yu YP, Luo JH. MCM7 amplification 
and overexpression are associated with prostate cancer 
progression. Oncogene. 2006; 25:1090-1098.

36. Li SS, Xue WC, Khoo US, Ngan HY, Chan KY, Tam 
IY, Chiu PM, Ip PP, Tam KF, Cheung AN. Replicative 
MCM7 protein as a proliferation marker in endometrial 
carcinoma: a tissue microarray and clinicopathological 
analysis. Histopathology. 2005; 46:307-313.

37. Ota T, Clayton AC, Minot DM, Shridhar V, Hartmann 
LC, Gilks CB, Chien JR. Minichromosome maintenance 
protein 7 as a potential prognostic factor for progression-
free survival in high-grade serous carcinomas of the ovary. 
Mod Pathol. 2011; 24:277-287.

38. Nishihara K, Shomori K, Fujioka S, Tokuyasu N, Inaba A, 
Osaki M, Ogawa T, Ito H. Minichromosome maintenance 
protein 7 in colorectal cancer: implication of prognostic 
significance. Int J Oncol. 2008; 33:245-251.

39. Sterner JM, Dew-Knight S, Musahl C, Kornbluth 
S, Horowitz JM. Negative regulation of DNA replication 
by the retinoblastoma protein is mediated by its association 
with MCM7. Molecular and Cellular Biology. 1998; 
18:2748–2757.

40. Mukherjee P, Winter SL, Alexandrow MG. Cell Cycle 
Arrest by Transforming Growth Factor 1 near G1/S Is 
Mediated by Acute Abrogation of Prereplication Complex 
Activation Involving an Rb-MCM Interaction. Mol Cell 
Biol. 2010; 30:845-856.

41. Kuga T, Nie H, Kazami T, Satoh M, Matsushita K, Nomura 
F, Maeshima K, Nakayama Y, Tomonaga T. Lamin B2 
prevents chromosome instability by ensuring proper mitotic 
chromosome segregation. Oncogenesis. 2014; 3:e94. 

42. Ranade D, Koul S, Thompson J, Prasad KB, Sengupta 
K. Chromosomal aneuploidies induced upon Lamin 
B2 depletion are mislocalized in the interphase nucleus. 
Chromosoma. 2017; 126:223-244.

43. Galazis N, Olaleye O, Haoula Z, Layfield R, Atiomo W. 
Proteomic biomarkers for ovarian cancer risk in women 
with polycystic ovary syndrome: a systematic review 
and biomarker database integration. Fertil Steril. 2012; 
98:1590-1601.

44. Saarinen I, Mirtti T, Seikkula H,  Boström PJ, Taimen P. 
Differential Predictive Roles of A- and B-Type Nuclear 
Lamins in Prostate Cancer Progression. PLoS One. 2015; 
10:e0140671.

45. Rubporn A, Srisomsap C, Subhasitanont P, 
Chokchaichamnankit D, Chiablaem K, Svasti J, Sangvanich 
P. Comparative proteomic analysis of lung cancer cell line 
and lung fibroblast cell line. Cancer Genom Proteom. 2009; 
6:229-37.

46. Sakthivel KM,  Sehgal P. A Novel Role of Lamins from  
Genetic Disease to Cancer Biomarkers. Oncol Rev. 2016; 
10:309.

47. Pacek M, Walter JC. A requirement for MCM7 and 
Cdc45 in chromosome unwinding during eukaryotic DNA 
replication. EMBO J. 2004; 23:3667–3676.

48. Fletcher RJ, Bishop BE, Leon RP, Sclafani RA, Ogata 
CM, Chen XS. The structure and Function of MCM from 
archaeal M. thermoautotrophicum. Nature Struct. Biol. 
2003; 10:160–167.

49. Kasiviswanathan R, Shin JH, Melamu E, Kelman Z. 
Biochemical characterization of the Methanothermobacter 
thermautotrophicus minichromosome maintenance 
(MCM) helicase N-terminal domains. J Biol. Chem. 2004; 
279:28358–28366.

50. Pape T, Meka H, Chen S, Vicentini G, van Heel M, Onesti 
S. Hexameric ring structure of the full-length archaeal 
MCM protein complex. EMBO Rep. 2003; 4:1079–1083.

51. Sakakibara N, Kasiviswanathan R, Melamud E, Han 
M, Schwarz FP, Kelman Z. Coupling of DNA binding and  
helicase activity is mediated by a conserved loop in 
the MCM protein. Nucleic Acids Res. 2008; 36:1309-1320. 

52. Hinds PW, Weinberg RA. Tumor suppressor genes. Curr 
Opin Genet Dev. 1994; 4: 135–141.

53. Nevins JR. The Rb/E2F pathway and cancer. Hum Mol 
Genet. 2001; 10: 699–703.

54. Weinberg RA. The retinoblastoma protein and cell cycle 
control. Cell. 1995; 81: 323–330.

55. Gubern A, Joaquin M, Marquès M, Maseres P, Garcia-
Garcia J, Amat R, González-Nuñez D, Oliva B, Real FX, de 
Nadal E, Posas F. The N-Terminal Phosphorylation of RB 



Oncotarget104830www.impactjournals.com/oncotarget

by p38 Bypasses Its Inactivation by CDKs and Prevents 
Proliferation in Cancer Cells. Mol Cell. 2016; 64:25-36.

56. Ma DL, Liu LJ, Leung KH, Chen YT, Zhong HJ, Chan 
DS, Wang HM, Leung CH. Antagonizing STAT3 
dimerization with a rhodium(III) complex. Angew Chem 
Int Ed Engl. 2014; 53:9178-9182.

57. Liu LJ, Wang W, Zhong Z, Lin S, Lu L, Wang YT, Ma 
DL, Leung CH. Correction: Inhibition of TLR1/2 

dimerization by enantiomers of metal complexes. Chem 
Commun (Camb). 2017; 53:1325.

58. Han YC, Yu YP, Nelson J, Wu C, Wang H, Michalopoulos 
GK, Luo JH. Interaction of integrin-linked kinase and 
miniature chromosome maintenance 7-mediating integrin 
{alpha}7 induced cell growth suppression. Cancer Res. 
2010; 70:4375–4384.


