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Abstract: The discovery of novel and critical genes implicated in malignant development is a
topic of high interest in cancer research. Intriguingly, a group of genes named “double-agent”
genes were reported to have both oncogenic and tumor-suppressive functions. To date, less than
100 “double-agent” genes have been documented. Fubp1 is a master transcriptional regulator of a
subset of genes by interacting with a far upstream element (FUSE). Mounting evidence has collectively
demonstrated both the oncogenic and tumor suppressive roles of Fubp1 and the debate regarding
its roles in tumorigenesis has been around for several years. Therefore, the detailed molecular
mechanisms of Fubp1 need to be determined in each context. In the present study, we showed that
the Fubp1 protein level was enriched in the S phase and we identified that Fubp1 deficiency altered
cell cycle progression, especially in the S phase, by downregulating the mRNA expression levels of
Ccna genes encoding cyclin A. Although this Fubp1-cyclin A axis appears to exist in several types of
tumors, Fubp1 showed heterogeneous expression patterns among various cancer tissues, suggesting
it exhibits multiple and complicated functions in cancer development. In addition, we showed that
Fubp1 deficiency confers survival advantages to cells against metabolic stress and anti-cancer drugs,
suggesting that Fubp1 may play both positive and negative roles in malignant development.

Keywords: Fubp1; cell cycle; cyclin A; cell death; lung cancer; double-agent

1. Introduction

Fubp1 is a DNA and RNA binding protein that mainly functions in the transcription of its target
genes [1]. Although three nuclear localization signals (NLS) confers the enrichment of Fubp1 in the
nucleus [2], Fubp1 could translocate to the cytoplasm under various stimuli including viral infection
and apoptosis to control mRNA stability or translation of its target genes [3,4]. Increasing evidence has
demonstrated the oncogenic role of Fubp1 and deregulated expression of FUBP1 has been reported
in several types of tumors, including hepatocellular carcinoma [5,6], nasopharyngeal carcinoma [7],
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gastric cancer [8], leukemia [9] and neuroblastoma [10]. The molecular mechanisms by which FUBP1
contributes to tumor propagation are currently being investigated. Among them, the oncogene MYC is
a well-known downstream target of FUBP1 and abnormal MYC overexpression mediated by FUBP1
has been consistently reported by several independent studies in various tumor types [8,11]. However,
other studies have reported that the FUBP1-MYC axis might not be ubiquitous since MYC expression
is not altered by FUBP1 silencing in different cell types, such as normal fibroblasts [12], prostate and
bladder cancer [13]. Given that a tumor is basically caused by uncontrolled cell cycle progression, it is
not surprising that the cell cycle inhibitor p21 is another main target gene repressed by FUBP1 [6].
However, because p21 expression was upregulated, rather than downregulated, by FUBP1 in certain
circumstances [14], the FUBP1-p21 axis also needs to be further verified. In hematopoietic lineages,
FUBP1 cooperates with RUNX1 to facilitate the transcription of c-KIT [15]. In short, downstream target
selection by Fubp1 seems to occur in a context-dependent manner.

Whether Fubp1 is an oncogene remains controversial. Interestingly, inactivating mutations
of FUBP1 were identified in a substantial fraction of oligodendrogliomas, suggesting the
tumor-suppressive role of Fubp1 [16]. In addition, loss-of-function mutations of Fubp1 might
contribute to gliomagenesis mediated by lysine-specific demethylase 1 (LSD1)+8a deficiency [17].
Molenaar et al. also described the tumor suppressive effects of FUBP1 by showing that higher FUBP1
expression correlated with better survival in all stages of human neuroblastoma [18]. Taken together,
Fubp1 likely functions as both a tumor suppressor and an oncogene and the detailed molecular
mechanisms of Fubp1 in each context need to be determined.

Dynamic cooperation between cyclins and cyclin-dependent kinases (Cdks) is essential for normal
cell cycle progression. Eukaryotic cells have multiple cyclins and each cyclin is associated with a
particular phase of the cell cycle. Given the importance of cyclins in cell cycle transitions, both cyclin
accumulation and degradation are tightly controlled. For example, cyclin A and cyclin F mRNA levels
remain low during G1 but they begin to accumulate at the onset of the S phase. After reaching a peak
in G2, the levels of cyclin A and cyclin F decline around mitosis [19,20]. In contrast, the synthesis of
cyclin E mRNA is initiated during G1 and then cyclin E is downregulated in the S phase [21].

Because cyclins are critical elements of cell cycle regulation and the disruption of cell cycle control
is the main signature of cancer cells, mutation or overexpression of cyclins was frequently observed in
a variety of neoplastic diseases. For example, approximately 15% of primary breast cancers accompany
the amplification/rearrangement of cyclin D1 [22,23]. Furthermore, over 25% of breast cancers contain
cyclin A gene amplification and excessive expression of cyclin A is linked to poor prognosis in breast
cancer patients [24]. Notably, increasing evidence has shown that the upregulation of transcripts or
proteins is not necessarily caused by chromosome amplification [25,26]. Indeed, while cyclin A gene
amplification is found in about a quarter of breast cancers, cyclin A overexpression is observed in over
80% of breast tumor samples [24]. This finding suggest that the dysregulated and excessive expression
of cyclins without gene amplification may also be a key factor contributing to tumorigenesis.

Although the function of each cyclin has been well documented, the precise mechanisms
regulating the expressions of cyclins are not fully understood. Given that Fubp1 is implicated in tumor
development, we validated the role of Fubp1 in cell cycling in this study. We found that Fubp1 protein
is more abundant in the S phase and Fubp1 deficiency slowed down cell cycle progression, especially
in the S phase, by lowering cyclin A expression. However, we also showed an anti-cancer function
of Fubp1 in certain circumstances. Tumor cells are often under the metabolic stress mainly due to
their active growth followed by limited nutrient supply. Tumors could also encounter genotoxic stress,
including oxidative stress, by antineoplastic drugs. Our data showed that Fubp1 deficiency provides
cells with survival advantages against metabolic stress and anti-cancer drug, suggesting that Fubp1
has multiple functions in malignant development.
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2. Materials and Methods

2.1. Plasmid Construction

The lentiCRISPRv2 plasmid was digested and dephosphorylated with BsmBI, followed by
gel purification. The lentiCRISPRv2 was a gift from Feng Zhang (Addgene plasmid #52961; http:
//n2t.net/addgene:52961; RRID: Addgene_52961) [27]. In order to clone the Fubp1 target sequence into
the lentiCRISPRv2, a pair of oligos was phosphorylated with T4 Polynucleotide Kinase (NEB, cat no.
M0201S) and annealed in thermocycler (incubation in 95 ◦C for 5 min followed by ramping down to
25 ◦C at 5 ◦C/min). Annealed oligos were inserted into digested lentiCRISPRv2 plasmid with T4 DNA
ligase (NEB, cat no. M0202S) to generate LC-Fubp1 plasmid. The sequences of the oligos are as follows:
5’-CACCGCCAGCCGAGCCAGACGACGG-3’ and 5’-AAACCCGTCGTCTGGCTCGGCTGGC-3’.

2.2. Cell Culture and Generation of Fubp1-Deficient LLC Cells

The NIH3T3 fibroblasts and Lewis lung carcinoma (LLC) cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin–
streptomycin in a humidified atmosphere containing 5% CO2 at 37 ◦C. To generate Fubp1-deficient LLC
cells, LC-Fubp1 plasmid was transfected into LLC cells by using lipofectamine 3000 (Thermo Fisher
Scientific, Waltham, MA, USA), according to the manufacturer’s instructions. To generate control
cells, LC-GFP plasmid was introduced to LLC cells, instead of LC-Fubp1 plasmid. At 2 days
after transfection, we started selection with 2 µg/mL puromycin. Puromycin-resistant control and
Fubp1-deficient- NIH3T3 and LLC cells were maintained in DMEM supplemented with 10% fetal
bovine serum, 1% penicillin–streptomycin and 2 µg/mL puromycin.

2.3. Protein Preparation and Immunoblot Analysis

Cells were disrupted directly with laemmli buffer (60 mM Tris-HCl (pH 6.8), 2% (w/v) sodium
dodecyl sulfate (SDS), 10% (v/v) glycerol and 0.02% (w/v) bromophenol blue), followed by sonication
and heat-denaturation. Cell lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to a polyvinylidene fluoride membrane. After blocking the membranes
with 5% non-fat dried milk in Tris-buffered saline with TweenTM 20 (TBST) (10 mM Tris, pH 8.0,
150 mM NaCl and 0.5% Tween 20) for 30 min, membranes were washed three times (10 min each) with
TBST and incubated with antibodies against Fubp1 (1:1000, Abcam, Cambridge, UK, cat no. ab181111),
GAPDH (1:1000, Cusabio, Houston, TX, USA, cat no. CSB-MA000184), phospho-Histone 3 at Ser
10 (1:1000, Cell Signaling, Leiden, The Netherlands, cat no. 3377), cyclin A (1:500, Santacruz, Paso
Robles, CA, USA, cat no. sc-596), β actin (1:5000, Sigma Aldrich, St. Louis, MO, USA, cat no. A5316),
cyclin B1 (1:500, Santacruz, cat no. sc-245) and cyclin D1 (1:500, Santacruz, cat no. sc-450) overnight at
4 ◦C. The next day, membranes were washed three times (10 min each) with TBST and incubated with
horseradish peroxidase-conjugated anti-mouse (1:10,000, Bethyl Laboratories, Montgomery, TX, USA)
or anti-rabbit secondary antibodies (1:5000, Bethyl Laboratories) for 1 h. Membranes were washed
three times (10 min each) with TBST and signals were detected with a D-PlusTM ECL Femto system
(Dongin LS). The quantification of Western blots was performed with ImageJ. Protein band intensities
were first normalized to the loading control band intensities corresponding to the specific protein and
further normalized to the first experimental replicate in control (lane 1) samples within each technical
replicate (n = 3). Biological relevance of the results were confirmed with at least three independent
experiments with similar results.

2.4. Immunofluorescence

For phospho-Histone 3 immunostaining, cells were fixed with 4% paraformaldehyde and
permeabilized with 0.2 % Triton X-100/PBS for 15 min each at room temperature. Cells were washed
with cold PBS several times after fixation and permeabilization. After blocking samples with 2%
BSA/PBS for 30 min, cells were subjected to immunofluorescence staining with anti-phospho-Histone 3
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at Ser 10 (1:200, Cell Signaling) primary antibodies overnight at 4 ◦C. The next day, cells were washed
with cold PBS and incubated with Flamma®488-conjugated goat anti-rabbit IgG (Bioacts) for 30 min at
room temperature. For nuclear staining, cells were incubated with Hoechst 33342 dye (Thermo Fisher
Scientific) for 5 min. Fluorescence signals were visualized with an EVOS FL Auto Imaging System
(Thermo Fisher Scientific).

For bromodeoxyuridine (BrdU) staining, cells were labeled with BrdU by incubation with 10 µM
of BrdU at 37 ◦C for 30 min. After washing cells twice with phosphate-buffered saline (PBS), fixation
and permeabilization were performed as described above. Cells were treated with 2M HCl for 10 min
and then neutralized with 0.1 M sodium borate buffer (pH 8.5) for 30 min at room temperature.
After washing and blocking, cells were subjected to immunofluorescence staining with anti-BrdU
(1:200, Thermo Fisher Scientific, cat no. MA3-071) primary antibodies at room temperature for 1 h.
Cells were washed with cold PBS and incubated with Flamma®488-conjugated goat anti-mouse IgG
(Bioacts) for 30 min at room temperature. Nuclear staining and visualization were performed as
described above.

2.5. Quantitative Real-Time RT-PCR

Total RNA was isolated using an RNA Purification Kit (Thermo Fisher Scientific). Total RNA
(200 ng) was treated with RNase-free DNase (Sigma Aldrich) for 15 min. Following the inactivation
of DNase with Ethylenediaminetetraacetic acid (EDTA) and heating, RNA was reverse transcribed
using a First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) according to the manufacturer’s
instructions. Quantitative real time polymerase chain reaction (RT-PCR) (qPCR) was performed with
cDNA samples using the Power SYBR Green Master Mix and Mic qPCR Cycler (Bio Molecular Systems).
The relative mRNA level was calculated as values of 2(Ct(β-actin) − Ct(gene of interest)). For data presentation,
the mRNA level in control cells was set to 1. The sequences of the forward and reverse primers are as
follows: β actin, 5’-GGCTGTATTCCCCTCCATCG-3’ and 5’-CCAGTTGGTAACAATGCCATGT-3’;
Ccna1, 5’-TGATGCTTGTCAAATGCTCAGC-3’ and 5’-AGGTCCTCCTGTACTGCTCAT-3’; Ccna2,
5’-GCCTTCACCATTCATGTGGAT-3’ and 5’-TTGCTGCGGGTAAAGAGACAG-3’.

2.6. Chromatin Immunoprecipitation (ChIP) Assay

Approximately ten millions of cells were crosslinked with 1% formaldehyde for 15 min, followed
by quenching with 125 mM glycine for 5 min. Cells were lysed in lysis buffer containing 1% SDS,
10 mM EDTA and 50 mM Tris (pH 8.0) and then sonicated 15 times for 30 s each. The sheared DNA was
diluted in dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl (pH 8.0) and
150 mM NaCl) and incubated with anti-rabbit IgG and anti-Fubp1 IgG overnight at 4◦C. The next day,
lysates were incubated with Dynabeads® Protein G (Thermo Fisher Scientific) for 3 h and precipitates
were eluted with 1% SDS/0.1 M NaHCO3. 20 µL of 5 M NaCl was added to the 500 µl eluate for reverse
crosslinking and DNA was purified after treatment with 20 µg (20 µL of 1 mg/mL) of RNase A (Roche)
and 40 µg (20 µL of 2 mg/mL) of Proteinase K (Roche). Enrichment was calculated based on the Ct
values of qPCR and plotted as a fraction of the total input. The sequences of primers are as follows:
Ccna1 Region 1, 5’-AAGGTTTTCATTAATTTTAG -3’ and 5’-GCAACATAGGCCAGCCAAAG-3’;
Ccna1 Region 2, 5’-TGTCCCCTCCCAAGCCTGTC-3′ and 5′-TGCCTACGCGACTTCCTGGA-3’; Ccna1
Region 3, 5’- GGCCGCGCAGGAGACGTTGG-3’ and 5’-GGCTGACGGCGGCTTACACA-3’; Ccna1
Region 4, 5’-CGCCAGGACGATGAGGACCC-3’ and 5’-CGCCACTGAGGACTTTCGAC-3’.

2.7. Patients and Samples

Tumor specimens and adjacent malignant lung tissue specimens were provided by the National
Biobank of Korea, Kyungpook National University Hospital (KNUH), supported by the Ministry of
Health, Welfare and Family Affairs.
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2.8. Statistical Analysis

The unpaired two-tailed Student’s t-test was used for experiments comparing two sets of data
unless noted. All results are expressed as mean± s.e.m. GraphPad Prism software (version 6, San Diego,
CA, USA) was used for all statistical analyses. Differences were considered significant when * p < 0.05,
** p < 0.01 and *** p < 0.001.

3. Results

3.1. Cyclin A Is a Transcriptional Target of Fubp1

Given that a main function of Fubp1 is a transcription control, we explored candidate targets
of Fubp1 by analyzing two different publicly available gene expression datasets (GSE108537 and
GSE4914; http://www.ncbi.nlm.nih.gov/geo/) [17,28]. These data included gene expression profiles in
neural stem/progenitor cells (GSE108537) and human primary skin fibroblasts (GSE4914) after Fubp1
was silenced. To examine the role of Fubp1 in cell cycling, we focused on the expression level of
genes affecting cell cycle progression. Interestingly, both datasets commonly showed that the mRNA
expression levels of genes promoting cell cycling tended to be reduced under Fubp1 downregulation.
In contrast, mRNA levels of genes inhibiting cell cycling examined were commonly upregulated in
Fubp1-downregulated cell (Supplementary Figure S1A,B).

To test the cell cycle stage-dependent role of Fubp1, we induced cell cycle arrest at the G1/S
boundary and G2/M phase by treating cells with 2 mM thymidine and 100 ng/mL nocodazole for 18 h,
respectively. Cell synchronization was confirmed by pH3 and cyclin A immunoblotting. Interestingly,
the Fubp1 protein level was more enriched in G1/S than G2/M (Figure 1A). Due to toxicity issues when
using nocodazole, we additionally performed a double thymidine block experiment. After cells were
synchronized at the G1/S boundary and released into the cell cycle, the level of Fubp1 was monitored
at the indicated time points. Consistently, Fubp1 protein abundance remained high in early time after
release. However, it was significantly decreased while cyclin B and pH3 were accumulated, suggesting
that Fubp1 is required more in the S phase than in the mitotic phase (Figure 1B).

The S-cyclins include cyclin A1 and cyclin A2, which are generally referred to as cyclin A. Among
cell cycle-related genes, we focused on cyclin A as the candidate transcriptional target of Fubp1 due to
following two reasons. First, transcriptome analyses demonstrated that the transcript levels of the
Ccna1 gene encoding cyclin A1 and Ccna2 gene encoding cyclin A2 were clearly downregulated in
Fubp1-silenced cells (Supplementary Figure S1A,B). Second, our data showed that the abundance of
cyclin A is highly correlated with the Fubp1 level during cell cycle progression (Figure 1A,B). As we
previously generated control (LC-GFP) and Fubp1-deficient (LC-Fubp1) NIH3T3 fibroblasts by utilizing
the CRISPR/Cas system [29], we used these cells to experimentally test our hypothesis. As expected,
both Ccna1 and Ccna2 transcript levels were significantly reduced in Fubp1-deficient cells (Figure 1C).
Consistent with this data, the level of cyclin A protein did not properly increase in LC-Fubp1 cells
following release from the double thymidine block (Figure 1D). Together, our data suggest that Fubp1
abundance is dynamically regulated during the cell cycle and that it might contribute to cell cycle
progression by upregulating cyclin A expression.

Based on the previous report predicting candidate DNA sequences for Fubp1 binding [30],
we analyzed the Ccna1 promoter sequence and selected 4 different regions to assess the interaction
with Fubp1 (Supplementary Figure S2A,B). Among them, regions 1 and 2 possessed two candidate
sequences for Fubp1 binding. In contrast, region 3 had only a single potential site for Fubp1 association
and region 4 contained no putative binding sites. Notably, as a result of chromatin immunoprecipitation
(ChIP) assay, there was significant enrichment of the binding of Fubp1 in regions 1 and 2. Precipitated
chromatins of these two regions were significantly decreased in LC-Fubp1 cells, confirming that Fubp1
authentically associates with these distal parts of the Ccna1 promoter (Supplementary Figure S2C). In
contrast, although we also observed significant enrichment of the binding of Fubp1 in regions 3 and 4,
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precipitated chromatins of these two regions were not decreased in LC-Fubp1 cells. Therefore, we
concluded that Fubp1 does not interact with these proximal parts of the Ccna1 promoter.
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control. The relative band intensities of cyclin A, cyclin B, Fubp1 and phospho-Histone 3 at Ser 10 
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Figure 1. Regulation of cyclin A expression by Fubp1 during cell cycle progression. (A) Western
blot analysis of Fubp1 after cell synchronization at the G1/S boundary via thymidine treatment and
G2/M phase via nocodazole treatment. Cyclin A and phospho-Histone3 were used to confirm
cell synchronization. β actin was used as a loading control. The relative band intensities of
phospho-Histone 3 at Ser 10, cyclin A and Fubp1 proteins are shown in the right panels. The
intensities of nocodazole-treated samples were arbitrarily set to 1. (B) Western blot analysis of the
indicated proteins in NIH3T3 fibroblasts released from double thymidine block. β actin was used as a
loading control. The relative band intensities of cyclin A, cyclin B, Fubp1 and phospho-Histone 3 at Ser
10 proteins are shown in the right panels. The intensities of samples at 0 h were arbitrarily set to 1.
(C) mRNA levels of the Ccna1 and Ccna2 in LC-GFP and LC-Fubp1 cells were measured by quantitative
real time polymerase chain reaction (qRT-PCR). Values are means ± s.e.m. The mRNA level in LC-GFP
cells was set to 1. (D) Western blot analysis of cyclin A in control and Fubp1-deficient cells released
from double thymidine block. GAPDH was used as a loading control. The relative band intensity of
cyclin A protein is shown in the graph below. The intensities of samples at 0 h were arbitrarily set to 1.
* p < 0.05, ** p < 0.01, *** p < 0.001.

3.2. Fubp1 Deficiency Slows Down Cell Cycle Progression

Cyclin A accumulates during the onset of the S phase and is required for DNA replication [19].
Cyclin A depletion caused the reduction of DNA synthesis activity [31]. In addition, recent evidence
suggests that cyclin A could be regarded as a proliferation marker [32]. Given our data showed
that Fubp1 is a transcription activator of genes encoding cyclin A, we examined the role of Fubp1
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in cell proliferation. By treating control and Fubp1 deficient cells with bromodeoxyuridine (BrdU)
and harvesting cells 30 min later, we detected cells undergoing DNA replication. Immunofluorescent
staining for BrdU showed that the percentage of cells synthesizing DNA decreased by ~2-fold following
Fubp1 deletion (Figure 2A), suggesting that Fubp1 deficiency might lead to inefficient S-phase
progression. To additionally check whether Fubp1 mediates mitosis, we performed immunostaining
of the mitotic marker phospho-Histone3 (pH3). As a result of counting random fields of view,
the percentage of pH3-positive cells was slightly decreased with insufficient statistical significance
under Fubp1 deletion (Figure 2B). Fubp1 deficiency was confirmed by immunoblotting (Figure 2C). In
accordance with these results, gene profiling analysis comparing cells in states of proliferation and
senescence (GEO accession: GSE100014) [33] showed enriched Fubp1 expression in proliferating cells
compared with senescent cells (Supplementary Figure S1C). Furthermore, gene profiling analysis
in fibroblasts after the induction of cellular senescence by heat shock factor 1 (HSF1) depletion
(GEO accession: GSE111355) [34] showed that the Fubp1 transcript level was gradually decreased
during senescence progression, suggesting a role of Fubp1 in cell proliferation (Supplementary Figure
S1D). Together, our data suggest that Fubp1 downregulation altered cell cycle progression and the
advance of S phase seemed to be more affected than that of the mitotic phase by Fubp1 absence.

Cells 2020, 9, x  8 of 17 

 

 
Figure 2. Disruption of cell cycle progression under Fubp1 deficiency. (A) BrdU staining was 
performed in LC-GFP and LC-Fubp1 cells. Green signals indicated BrdU-positive cells. Nuclear DAPI 
(4’,6-diamidino-2-phenylindole) staining is shown in blue. The quantification of the proportion of 
BrdU-positive control and Fubp1-deficient cells is shown in the right panel. ***p < 0.001. (B) 
Immunofluorescence analysis of phospho-Histone3 (pH3) at Ser 10 (shown in green). Nuclear DAPI 
staining is shown in blue. The quantification of the proportion of pH3-positive control and Fubp1-
deficient cells is shown in the right panel. (C) Confirmation of Fubp1 deficiency by immunoblotting. 
GAPDH was used as a loading control. Over 800 cells were counted from 10 random fields of view 
per group for statistical analysis. Data were replicated in two independent experiments with similar 
results. 

3.2. Fubp1 Deficiency Slows Down Cell Cycle Progression. 

Cyclin A accumulates during the onset of the S phase and is required for DNA replication [19]. 
Cyclin A depletion caused the reduction of DNA synthesis activity [31]. In addition, recent evidence 
suggests that cyclin A could be regarded as a proliferation marker [32]. Given our data showed that 
Fubp1 is a transcription activator of genes encoding cyclin A, we examined the role of Fubp1 in cell 
proliferation. By treating control and Fubp1 deficient cells with bromodeoxyuridine (BrdU) and 
harvesting cells 30 min later, we detected cells undergoing DNA replication. Immunofluorescent 
staining for BrdU showed that the percentage of cells synthesizing DNA decreased by ~ 2-fold 
following Fubp1 deletion (Figure 2A), suggesting that Fubp1 deficiency might lead to inefficient S-

Figure 2. Disruption of cell cycle progression under Fubp1 deficiency. (A) BrdU staining was
performed in LC-GFP and LC-Fubp1 cells. Green signals indicated BrdU-positive cells. Nuclear DAPI
(4’,6-diamidino-2-phenylindole) staining is shown in blue. The quantification of the proportion
of BrdU-positive control and Fubp1-deficient cells is shown in the right panel. *** p < 0.001.
(B) Immunofluorescence analysis of phospho-Histone3 (pH3) at Ser 10 (shown in green). Nuclear
DAPI staining is shown in blue. The quantification of the proportion of pH3-positive control
and Fubp1-deficient cells is shown in the right panel. (C) Confirmation of Fubp1 deficiency by
immunoblotting. GAPDH was used as a loading control. Over 800 cells were counted from 10 random
fields of view per group for statistical analysis. Data were replicated in two independent experiments
with similar results.
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3.3. Fubp1 Expression Patterns Show Heterogeneity among Cancer Tissues

Based on our results showing that Fubp1 has cell cycle promoting roles, we checked the mRNA
expression of FUBP1 in several types of tumors. We examined publicly available datasets containing
global gene expression profiles of non-tumor and tumor tissues (GEO accession: GSE15824 for
astrocytoma, GSE74530 for oral cancer, GSE100942 for esophageal squamous cell carcinoma and
GSE28735 for pancreatic ductal adenocarcinoma; http://www.ncbi.nlm.nih.gov/geo/) [35–38]. Evidently,
the expression of FUBP1 was commonly upregulated in several types of cancers as previously reported
(Figure 3A). However, interestingly, gene profiling analysis comparing lung cancer and adjacent
normal cell (GEO accession: GSE118370) [39] revealed that FUBP1 expression was significantly
downregulated in lung adenocarcinoma, the most common lung cancer subtype among non-smokers
and women (Figure 3B). In addition, we also used Gene Expression Profiling Interactive Analysis
(GEPIA, http://gepia.cancer--pku.cn) [40] to look for differential gene expression and it was confirmed
that the expression of FUBP1 was clearly reduced in both lung adenocarcinoma and lung squamous
cell carcinoma tissues (Figure 3C), suggesting that FUBP1 would be less necessary in lung cancer
development. In discordance with these expression patterns of FUBP1, however, survival analysis
showed that high expression of FUBP1 was associated with poor overall survival (OS) in lung
cancer patients (Figure 3D). When we analyzed FUBP1 expression during lung cancer progression
(GEO accession: GSE4573) [41], the FUBP1 mRNA level did not appear to be correlated with tumor
stages (Figure 3E). Experimental validation of the FUBP1 protein level with immunoblot analysis
in 6 pairs of lung cancer tissues showed that the FUBP1 level did not show a consistent pattern
between lung cancer and adjacent normal tissues (Figure 3F). Taken together, FUBP1 might exhibit
heterogeneous and complicated functions in lung cancer development.

3.4. Fubp1 Is Involved in Both Cell Cycling and Cell Survival

To assess the cellular mechanism of Fubp1 in lung cancer, we utilized Lewis lung carcinoma
(LLC) cells. We generated control (LC-GFP-LLC) and Fubp1-deficient (LC-Fubp1-LLC) cells by using
CRISPR/Cas system and monitored cell growth. Compared with control cells, Fubp1 deficiency caused
a decrease in cell number at day 3 post seeding (Figure 4A). Because we previously showed that
cyclin A is a transcriptional target of Fubp1 in NIH3T3 fibroblasts (Figure 1), we tested whether the
Fubp1-cyclin A axis exists in LLC cells. Immunoblot analysis clearly demonstrated that cyclin A
expression is reduced under Fubp1 deletion in LLC cells as well as fibroblasts, mirroring that the growth
inhibition in Fubp1-deficient LLC cells is likely due to downregulation of cyclin A, at least in part
(Figure 4B). In line with this data, the proportion of cells in G1 and S phases was slightly upregulated
and downregulated, respectively, under Fubp1 downregulation (Supplementary Figure S4A). We
additionally analyzed co-expression profiles between Fubp1 and two Ccna genes by utilizing cBioPortal
(www.cbioportal.org) [42,43]. In other tumors we tested (bladder urothelial carcinoma, glioblastoma
and head and neck squamous cell carcinoma), there was a strong and statistically significant positive
correlation between the mRNA expression of Fubp1 and both Ccna genes, raising a possibility that this
Fubp1-cyclin A axis may be ubiquitous (Supplementary Figure S3). However, Fubp1 absence did not
affect the level of another cell cycle regulator, cyclin D (Figure 4B).

http://www.ncbi.nlm.nih.gov/geo/
http://gepia.cancer--pku.cn
www.cbioportal.org
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Figure 3. Fubp1 expression analysis in tumor tissues. (A) Comparison of Fubp1 mRNA expression
between non-tumor and tumor cells. Transcriptome data was derived from the National Center
for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database. GEO accession:
GSE15824 for astrocytoma, GSE74530 for oral cancer, GSE100942 for esophageal squamous cell
carcinoma (ESCC) and GSE28735 for pancreatic ductal adenocarcinoma (PDAC). Fubp1 mRNA
level was normalized with β-actin. (B) Comparison of Fubp1 mRNA expression between lung
adenocarcinoma and adjacent normal tissue. Transcriptome data was derived from the NCBI GEO
database (GEO accession: GSE118370). (C) Expression of Fubp1 in lung cancers evaluated by the
GEPIA. (D) Kaplan-Meier curves of overall survival based on Fubp1 expression levels. (E) Comparison
of Fubp1 mRNA expression during lung cancer progression. Transcriptome data was derived from the
NCBI GEO database (GEO accession: GSE4573). (F) Western blot analysis of Fubp1 in 6 pairs of lung
cancer tissues. β actin was used as a loading control. The relative band intensity of Fubp1 protein is
shown in the graph below. The intensities of normal tissue samples were arbitrarily set to 1. Data were
replicated in three independent experiments with similar results. N = adjacent normal, T = Tumor.
* p < 0.05, ** p < 0.01, *** p < 0.001, n.s.—not significant.
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Figure 4. Multiple functions of Fubp1 in cell cycle progression and cell survival. (A) Measurement of
total cell number in LC-GFP-LLC and LC-Fubp1-LLC cells. (B) Western blot analysis of the indicated
proteins in control and Fubp1-deficient LLC cells. β actin was used as a loading control. The relative
band intensities of cyclin A and cyclin D proteins are shown in the right panels. The intensities of
LC-GFP-LLC cells were arbitrarily set as 1. (C) Western blot analysis of indicated proteins in control
and Fubp1-deficient LLC cells incubated in HBSS for 6 h and 12 h. β actin was used as a loading
control. The relative band intensities of cyclin A and cyclin D proteins are shown in the right panels.
The intensities of LC-GFP-LLC cells at 0 h were arbitrarily set to 1. (D) Western blot analysis of the
indicated proteins in control and Fubp1-deficient LLC cells treated with vehicle or cisplatin for 24 h.
β actin was used as a loading control. The relative band intensities of cleaved caspase 3 and Fubp1
proteins are shown in the graphs below. The intensities of vehicle-treated LC-GFP-LLC cells were
arbitrarily set to 1. (E) Comparison of Fubp1 mRNA expression in A549 lung cancer cells post treatment
with anti-cancer drugs. Transcriptome data was derived from the NCBI GEO database (GEO accession:
GSE102639). * p < 0.05, ** p < 0.01, *** p < 0.001, n.s.—not significant.

Interestingly, the discrepancy in cell growth between control and Fubp1-deficient LLC cells
diminished by day 4 post-seeding (Figure 4A). Although this phenomenon may simply be explained
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by the existence of relatively more available nutrients in the culture media of LC-Fubp1-LLC cells
due to a reduced cell number, it would be also possible that Fubp1 deficiency provides cells with
survival advantages against metabolic stress. In order to mimic metabolic stress by nutrient deprivation
in tumors, we subjected LLC cells to a prolonged incubation in Hank’s buffer salt solution (HBSS).
Interestingly, LC-Fubp1-LLC cells showed higher expression of cyclin A and cyclin D compared
with control cells under stress condition (Figure 4C). Consistent with this data, the proportion of
Fubp1-deficient cells in the sub-G1 phase was clearly reduced (Supplementary Figure S4B,C). CCK-8
assay results also showed that cell viability of LC-Fubp1-LLC cells was higher than that of LC-GFP-LLC
cells (Supplementary Figure S4D). We additionally tested whether Fubp1 deficiency provides cells with
survival advantages against anti-cancer drug as well. Surprisingly, Fubp1 deletion showed a reduced
level of cleaved caspase 3, indicating that lowered level of Fubp1 enhanced cell survival (Figure 4D).
Gene profiling analysis in A549 lung cancer cells after treatment with anti-cancer chemotherapeutic
drugs, alisertib and etoposide, (GEO accession: GSE102639) [44] showed that Fubp1 expression
was significantly reduced by these anti-cancer drugs (Figure 4E). Therefore, although it seems that
anti-tumor agents would be effective in the suppression of cell cycling by weakening the Fubp1-cyclin
A axis, anti-tumor drugs would be inefficient in tumor extinction due to downregulation of Fubp1.
Taken together, Fubp1 may play both positive and negative roles in malignant development.

4. Discussion

To date, many genetic studies have been performed to identify oncogenes/tumor suppressors
and determine their roles in tumorigenesis and anti-tumorigenesis. However, it has been repetitively
reported that the upregulation of transcripts or proteins is not necessarily caused by DNA mutation or
gene amplification [25,26]. In a large diversity of neoplastic diseases, several oncogenes were shown
to be overexpressed without alteration in DNA sequences or chromosome configurations [45,46].
Therefore, transcriptome expression analysis should also be solemnly performed in cancer studies. Our
experimental results and supportive data driven by the analysis of publicly available gene expression
datasets would be a small step toward finding out the master regulator of gene expression in several
types of cancers.

The identification of novel and critical genes implicated in cancer development is an important
subject for cancer research. Intriguingly, previous studies demonstrated that a group of genes exhibit
both oncogenic and tumor-suppressive functions [47,48]. Generally, these “double-agent” genes
are proto-oncogenes with tumor-suppressive roles and at least 83 “double-agent” genes have been
documented to date. According to literature evidence, “double-agent” genes are classified into
3 categories: transcription factors, kinases and others [49]. About half of the “double-agent” genes can
function as transcription regulators.

Although Fubp1 was not officially regarded as a “double-agent” gene, the debate regarding the
role of Fubp1 in tumorigenesis has been around for several years. Previous reports showed that
inactivating mutations of FUBP1 were detected in 15–20% of oligodendrogliomas [16,50], suggesting
a tumor suppressive role of Fubp1. However, excessive expression of FUBP1 was documented in a
variety of malignancies and FUBP1 abundance was often inversely correlated with overall survival [51],
suggesting an oncogenic role of Fubp1. In the present study, we demonstrated the tumor-promoting
function of Fubp1 by showing that Fubp1 transcriptionally activates cyclin A to promote cell cycle
progression. However, we also demonstrated the anti-tumorigenic role of Fubp1 by presenting that the
loss of Fubp1 provides cells with survival advantages against metabolic stress and anti-cancer drugs.
Based on our results, we suggest that Fubp1 may be listed as a “double-agent” gene.

Although previous studies have demonstrated an accelerated proliferation rate of
FUBP1-overexpressing tumors, the detailed molecular mechanisms of Fubp1 in cell cycle regulation
were not determined. In the present study, we identified that Fubp1 deficiency altered cell cycle
progression, especially in the S phase, by downregulating the mRNA expression of Ccna genes.
Although the Fubp1-cyclin A axis still needs to be verified in various types of tumors, our data suggest
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that Fubp1 has a tumor-promoting function by enhancing cell cycling. Although we showed that
Fubp1 is involved in the regulation of cell survival, we could not identify the precise mechanism by
which Fubp1 deficiency made cells resist cell death. One possibility is that Fubp1 might modulate
cellular response to oxidative stress. Tumors often encounter metabolic stress mainly due to their rapid
growth and limited nutrient supply. Metabolic stress produces an excessive amount of ROS, leading
to cell death [52]. Furthermore, several anti-cancer drugs, including doxorubicin, vinblastine and
paclitaxel were reported to induce intracellular oxidative stress [53]. Given that Fubp1 was reported to
mediate molecular and cellular responses to oxidative stress [54], it would be necessary to determine
whether Fubp1 is involved in oxidative stress generation or suppression.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/6/1347/s1,
Figure S1. Fubp1 might be involved in cell cycle progression, Figure S2. The interaction between Fubp1 and Ccna1
promoter, Figure S3. Positive correlation between Fubp1 and Ccna1/Ccna2, Figure S4. Fubpl contributes cell cycle
progression and cell survival, Figure S5. Raw western blot images.

Author Contributions: Conceptualization, J.-H.L., W.K. and D.-Y.K.; Methodology, M.K. and H.J.K.; Software,
D.H.L.; Validation, T.-J.K. and D.-Y.K.; Formal Analysis, M.K., H.J.K., J.-S.B. and D.-Y.K.; Investigation, M.K., H.J.K.
and T.-J.K.; Resources, J.-H.L. and D.H.L.; Data Curation, T.-J.K., J.-S.B., D.H.L. and W.K.; Writing—Original Draft
Preparation, M.K., H.J.K., W.K. and D.-Y.K.; Writing—Review & Editing, W.K. and D.-Y.K.; Visualization, J.-S.B.;
Supervision, W.K. and D.-Y.K.; Project Administration, J.-H.L., W.K. and D.-Y.K.; Funding Acquisition, D.-Y.K.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant funded by the
Korea government (MSIT) (No. 2017R1A5A2015391 and 2016R1C1B2008772). This research was also supported
by the Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the
Ministry of Education (2019R1I1A2A01062430).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Avigan, M.I.; Strober, B.; Levens, D. A far upstream element stimulates c-myc expression in undifferentiated
leukemia cells. J. Biol. Chem. 1990, 265, 18538–18545. [PubMed]

2. He, L.; Weber, A.; Levens, D. Nuclear targeting determinants of the far upstream element binding protein,
a c-myc transcription factor. Nucleic Acids Res. 2000, 28, 4558–4565. [CrossRef] [PubMed]

3. Olanich, M.E.; Moss, B.L.; Piwnica-Worms, D.; Townsend, R.R.; Weber, J.D. Identification of FUSE-binding
protein 1 as a regulatory mRNA-binding protein that represses nucleophosmin translation. Oncogene 2011,
30, 77–86. [CrossRef] [PubMed]

4. Chien, H.L.; Liao, C.L.; Lin, Y.L. FUSE binding protein 1 interacts with untranslated regions of Japanese
encephalitis virus RNA and negatively regulates viral replication. J. Virol. 2011, 85, 4698–4706. [CrossRef]
[PubMed]

5. Malz, M.; Weber, A.; Singer, S.; Riehmer, V.; Bissinger, M.; Riener, M.O.; Longerich, T.; Soll, C.; Vogel, A.;
Angel, P.; et al. Overexpression of far upstream element binding proteins: A mechanism regulating
proliferation and migration in liver cancer cells. Hepatology 2009, 50, 1130–1139. [CrossRef]

6. Rabenhorst, U.; Beinoraviciute-Kellner, R.; Brezniceanu, M.L.; Joos, S.; Devens, F.; Lichter, P.; Rieker, R.J.;
Trojan, J.; Chung, H.J.; Levens, D.L.; et al. Overexpression of the far upstream element binding protein 1 in
hepatocellular carcinoma is required for tumor growth. Hepatology 2009, 50, 1121–1129. [CrossRef]

7. Liu, Z.H.; Hu, J.L.; Liang, J.Z.; Zhou, A.J.; Li, M.Z.; Yan, S.M.; Zhang, X.; Gao, S.; Chen, L.; Zhong, Q.; et al.
Far upstream element-binding protein 1 is a prognostic biomarker and promotes nasopharyngeal carcinoma
progression. Cell Death Dis. 2015, 6, e1920. [CrossRef]

8. Venturutti, L.; Cordo Russo, R.I.; Rivas, M.A.; Mercogliano, M.F.; Izzo, F.; Oakley, R.H.; Pereyra, M.G.;
De Martino, M.; Proietti, C.J.; Yankilevich, P.; et al. MiR-16 mediates trastuzumab and lapatinib response in
ErbB-2-positive breast and gastric cancer via its novel targets CCNJ and FUBP1. Oncogene 2016, 35, 6189–6202.
[CrossRef]

9. Hoang, V.T.; Verma, D.; Godavarthy, P.S.; Llavona, P.; Steiner, M.; Gerlach, K.; Michels, B.E.; Bohnenberger, H.;
Wachter, A.; Oellerich, T.; et al. The transcriptional regulator FUBP1 influences disease outcome in murine
and human myeloid leukemia. Leukemia 2019, 33, 1700–1712. [CrossRef]

http://www.mdpi.com/2073-4409/9/6/1347/s1
http://www.ncbi.nlm.nih.gov/pubmed/2211718
http://dx.doi.org/10.1093/nar/28.22.4558
http://www.ncbi.nlm.nih.gov/pubmed/11071946
http://dx.doi.org/10.1038/onc.2010.404
http://www.ncbi.nlm.nih.gov/pubmed/20802533
http://dx.doi.org/10.1128/JVI.01950-10
http://www.ncbi.nlm.nih.gov/pubmed/21367899
http://dx.doi.org/10.1002/hep.23051
http://dx.doi.org/10.1002/hep.23098
http://dx.doi.org/10.1038/cddis.2015.258
http://dx.doi.org/10.1038/onc.2016.151
http://dx.doi.org/10.1038/s41375-018-0358-8


Cells 2020, 9, 1347 13 of 15

10. Jiang, P.; Huang, M.; Qi, W.; Wang, F.; Yang, T.; Gao, T.; Luo, C.; Deng, J.; Yang, Z.; Zhou, T.; et al. FUBP1
promotes neuroblastoma proliferation via enhancing glycolysis-a new possible marker of malignancy for
neuroblastoma. J. Exp. Clin. Cancer Res. 2019, 38, 400. [CrossRef]

11. Ding, Z.; Liu, X.; Liu, Y.; Zhang, J.; Huang, X.; Yang, X.; Yao, L.; Cui, G.; Wang, D. Expression of far
upstream element (FUSE) binding protein 1 in human glioma is correlated with c-Myc and cell proliferation.
Mol. Carcinog 2015, 54, 405–415. [CrossRef] [PubMed]

12. Atanassov, B.S.; Dent, S.Y. USP22 regulates cell proliferation by deubiquitinating the transcriptional regulator
FBP1. EMBO Rep. 2011, 12, 924–930. [CrossRef]

13. Weber, A.; Kristiansen, I.; Johannsen, M.; Oelrich, B.; Scholmann, K.; Gunia, S.; May, M.; Meyer, H.A.;
Behnke, S.; Moch, H.; et al. The FUSE binding proteins FBP1 and FBP3 are potential c-myc regulators in
renal, but not in prostate and bladder cancer. BMC Cancer 2008, 8, 369. [CrossRef] [PubMed]

14. Duan, J.; Bao, X.; Ma, X.; Zhang, Y.; Ni, D.; Wang, H.; Zhang, F.; Du, Q.; Fan, Y.; Chen, J.; et al. Upregulation
of Far Upstream Element-Binding Protein 1 (FUBP1) Promotes Tumor Proliferation and Tumorigenesis of
Clear Cell Renal Cell Carcinoma. PLoS ONE 2017, 12, e0169852. [CrossRef] [PubMed]

15. Debaize, L.; Jakobczyk, H.; Avner, S.; Gaudichon, J.; Rio, A.G.; Serandour, A.A.; Dorsheimer, L.; Chalmel, F.;
Carroll, J.S.; Zornig, M.; et al. Interplay between transcription regulators RUNX1 and FUBP1 activates an
enhancer of the oncogene c-KIT and amplifies cell proliferation. Nucleic Acids Res. 2018, 46, 11214–11228.
[CrossRef]

16. Bettegowda, C.; Agrawal, N.; Jiao, Y.; Sausen, M.; Wood, L.D.; Hruban, R.H.; Rodriguez, F.J.; Cahill, D.P.;
McLendon, R.; Riggins, G.; et al. Mutations in CIC and FUBP1 contribute to human oligodendroglioma.
Science 2011, 333, 1453–1455. [CrossRef]

17. Hwang, I.; Cao, D.; Na, Y.; Kim, D.Y.; Zhang, T.; Yao, J.; Oh, H.; Hu, J.; Zheng, H.; Yao, Y.; et al. Far Upstream
Element-Binding Protein 1 Regulates LSD1 Alternative Splicing to Promote Terminal Differentiation of
Neural Progenitors. Stem Cell Rep. 2018, 10, 1208–1221. [CrossRef]

18. Molenaar, J.J.; Koster, J.; Zwijnenburg, D.A.; van Sluis, P.; Valentijn, L.J.; van der Ploeg, I.; Hamdi, M.;
van Nes, J.; Westerman, B.A.; van Arkel, J.; et al. Sequencing of neuroblastoma identifies chromothripsis and
defects in neuritogenesis genes. Nature 2012, 483, 589–593. [CrossRef]

19. Girard, F.; Strausfeld, U.; Fernandez, A.; Lamb, N.J. Cyclin A is required for the onset of DNA replication in
mammalian fibroblasts. Cell 1991, 67, 1169–1179. [CrossRef]

20. Fung, T.K.; Siu, W.Y.; Yam, C.H.; Lau, A.; Poon, R.Y. Cyclin F is degraded during G2-M by mechanisms
fundamentally different from other cyclins. J. Biol. Chem. 2002, 277, 35140–35149. [CrossRef]

21. Koff, A.; Giordano, A.; Desai, D.; Yamashita, K.; Harper, J.W.; Elledge, S.; Nishimoto, T.; Morgan, D.O.;
Franza, B.R.; Roberts, J.M. Formation and activation of a cyclin E-cdk2 complex during the G1 phase of the
human cell cycle. Science 1992, 257, 1689–1694. [CrossRef] [PubMed]

22. Dickson, C.; Fantl, V.; Gillett, C.; Brookes, S.; Bartek, J.; Smith, R.; Fisher, C.; Barnes, D.; Peters, G. Amplification
of chromosome band 11q13 and a role for cyclin D1 in human breast cancer. Cancer Lett. 1995, 90, 43–50.
[CrossRef]

23. Gillett, C.; Fantl, V.; Smith, R.; Fisher, C.; Bartek, J.; Dickson, C.; Barnes, D.; Peters, G. Amplification and
overexpression of cyclin D1 in breast cancer detected by immunohistochemical staining. Cancer Res. 1994,
54, 1812–1817. [PubMed]

24. Husdal, A.; Bukholm, G.; Bukholm, I.R. The prognostic value and overexpression of cyclin A is correlated
with gene amplification of both cyclin A and cyclin E in breast cancer patient. Cell Oncol. 2006, 28, 107–116.
[PubMed]

25. Buckley, M.F.; Sweeney, K.J.; Hamilton, J.A.; Sini, R.L.; Manning, D.L.; Nicholson, R.I.; deFazio, A.; Watts, C.K.;
Musgrove, E.A.; Sutherland, R.L. Expression and amplification of cyclin genes in human breast cancer.
Oncogene 1993, 8, 2127–2133.

26. Platzer, P.; Upender, M.B.; Wilson, K.; Willis, J.; Lutterbaugh, J.; Nosrati, A.; Willson, J.K.; Mack, D.; Ried, T.;
Markowitz, S. Silence of chromosomal amplifications in colon cancer. Cancer Res. 2002, 62, 1134–1138.

27. Sanjana, N.E.; Shalem, O.; Zhang, F. Improved vectors and genome-wide libraries for CRISPR screening.
Nat. Methods 2014, 11, 783–784. [CrossRef]

28. Chung, H.J.; Liu, J.; Dundr, M.; Nie, Z.; Sanford, S.; Levens, D. FBPs are calibrated molecular tools to adjust
gene expression. Mol. Cell Biol. 2006, 26, 6584–6597. [CrossRef]

http://dx.doi.org/10.1186/s13046-019-1414-6
http://dx.doi.org/10.1002/mc.22114
http://www.ncbi.nlm.nih.gov/pubmed/24347226
http://dx.doi.org/10.1038/embor.2011.140
http://dx.doi.org/10.1186/1471-2407-8-369
http://www.ncbi.nlm.nih.gov/pubmed/19087307
http://dx.doi.org/10.1371/journal.pone.0169852
http://www.ncbi.nlm.nih.gov/pubmed/28076379
http://dx.doi.org/10.1093/nar/gky756
http://dx.doi.org/10.1126/science.1210557
http://dx.doi.org/10.1016/j.stemcr.2018.02.013
http://dx.doi.org/10.1038/nature10910
http://dx.doi.org/10.1016/0092-8674(91)90293-8
http://dx.doi.org/10.1074/jbc.M205503200
http://dx.doi.org/10.1126/science.1388288
http://www.ncbi.nlm.nih.gov/pubmed/1388288
http://dx.doi.org/10.1016/0304-3835(94)03676-A
http://www.ncbi.nlm.nih.gov/pubmed/8137296
http://www.ncbi.nlm.nih.gov/pubmed/16823179
http://dx.doi.org/10.1038/nmeth.3047
http://dx.doi.org/10.1128/MCB.00754-06


Cells 2020, 9, 1347 14 of 15

29. Kang, M.; Lee, S.M.; Kim, W.; Lee, K.H.; Kim, D.Y. Fubp1 supports the lactate-Akt-mTOR axis through the
upregulation of Hk1 and Hk2. Biochem. Biophys. Res. Commun. 2019, 512, 93–99. [CrossRef] [PubMed]

30. Benjamin, L.R.; Chung, H.J.; Sanford, S.; Kouzine, F.; Liu, J.; Levens, D. Hierarchical mechanisms build
the DNA-binding specificity of FUSE binding protein. Proc. Natl. Acad. Sci. USA 2008, 105, 18296–18301.
[CrossRef]

31. Fotedar, A.; Cannella, D.; Fitzgerald, P.; Rousselle, T.; Gupta, S.; Doree, M.; Fotedar, R. Role for cyclin
A-dependent kinase in DNA replication in human S phase cell extracts. J. Biol. Chem. 1996, 271, 31627–31637.
[CrossRef] [PubMed]

32. Horie, K.; Yamamoto, H.; Karube, K.; Takebayashi, K.; Yoshino, H.; Yoshioka, H.; Watanabe, J. Cyclin A is a
reliable proliferation marker in endometrial cancer cell lines. Oncol. Lett. 2019, 17, 4455–4462. [CrossRef]
[PubMed]

33. Yuan, L.; Zhai, L.; Qian, L.; Huang, D.; Ding, Y.; Xiang, H.; Liu, X.; Thompson, J.W.; Liu, J.; He, Y.H.; et al.
Switching off IMMP2L signaling drives senescence via simultaneous metabolic alteration and blockage of
cell death. Cell Res. 2018, 28, 625–643. [CrossRef]

34. Oda, T.; Sekimoto, T.; Kurashima, K.; Fujimoto, M.; Nakai, A.; Yamashita, T. Acute HSF1 depletion induces
cellular senescence through the MDM2-p53-p21 pathway in human diploid fibroblasts. J. Cell Sci. 2018, 131.
[CrossRef]

35. Reifenberger, G.; Weber, R.G.; Riehmer, V.; Kaulich, K.; Willscher, E.; Wirth, H.; Gietzelt, J.; Hentschel, B.;
Westphal, M.; Simon, M.; et al. Molecular characterization of long-term survivors of glioblastoma using
genome- and transcriptome-wide profiling. Int. J. Cancer 2014, 135, 1822–1831. [CrossRef] [PubMed]

36. Oghumu, S.; Knobloch, T.J.; Terrazas, C.; Varikuti, S.; Ahn-Jarvis, J.; Bollinger, C.E.; Iwenofu, H.;
Weghorst, C.M.; Satoskar, A.R. Deletion of macrophage migration inhibitory factor inhibits murine oral
carcinogenesis: Potential role for chronic pro-inflammatory immune mediators. Int. J. Cancer 2016, 139,
1379–1390. [CrossRef]

37. Ming, X.Y.; Zhang, X.; Cao, T.T.; Zhang, L.Y.; Qi, J.L.; Kam, N.W.; Tang, X.M.; Cui, Y.Z.; Zhang, B.Z.; Li, Y.; et al.
RHCG Suppresses Tumorigenicity and Metastasis in Esophageal Squamous Cell Carcinoma via Inhibiting
NF-kappaB Signaling and MMP1 Expression. Theranostics 2018, 8, 185–198. [CrossRef]

38. Zhang, G.; He, P.; Tan, H.; Budhu, A.; Gaedcke, J.; Ghadimi, B.M.; Ried, T.; Yfantis, H.G.; Lee, D.H.; Maitra, A.;
et al. Integration of metabolomics and transcriptomics revealed a fatty acid network exerting growth
inhibitory effects in human pancreatic cancer. Clin. Cancer Res. 2013, 19, 4983–4993. [CrossRef]

39. Xu, L.; Lu, C.; Huang, Y.; Zhou, J.; Wang, X.; Liu, C.; Chen, J.; Le, H. SPINK1 promotes cell growth and
metastasis of lung adenocarcinoma and acts as a novel prognostic biomarker. BMB Rep. 2018, 51, 648–653.
[CrossRef]

40. Tang, Z.; Li, C.; Kang, B.; Gao, G.; Li, C.; Zhang, Z. GEPIA: A web server for cancer and normal gene
expression profiling and interactive analyses. Nucleic Acids Res. 2017, 45, W98–W102. [CrossRef]

41. Raponi, M.; Zhang, Y.; Yu, J.; Chen, G.; Lee, G.; Taylor, J.M.; Macdonald, J.; Thomas, D.; Moskaluk, C.;
Wang, Y.; et al. Gene expression signatures for predicting prognosis of squamous cell and adenocarcinomas
of the lung. Cancer Res. 2006, 66, 7466–7472. [CrossRef] [PubMed]

42. Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.O.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.;
Larsson, E.; et al. The cBio cancer genomics portal: An open platform for exploring multidimensional cancer
genomics data. Cancer Discov. 2012, 2, 401–404. [CrossRef] [PubMed]

43. Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.;
Larsson, E.; et al. Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal.
Sci. Signal. 2013, 6, pl1. [CrossRef] [PubMed]

44. Wang, L.; Leite de Oliveira, R.; Wang, C.; Fernandes Neto, J.M.; Mainardi, S.; Evers, B.; Lieftink, C.; Morris, B.;
Jochems, F.; Willemsen, L.; et al. High-Throughput Functional Genetic and Compound Screens Identify
Targets for Senescence Induction in Cancer. Cell Rep. 2017, 21, 773–783. [CrossRef]

45. Lemoine, N.R.; Staddon, S.; Dickson, C.; Barnes, D.M.; Gullick, W.J. Absence of activating transmembrane
mutations in the c-erbB-2 proto-oncogene in human breast cancer. Oncogene 1990, 5, 237–239.

46. Lemoine, N.R.; Wyllie, F.S.; Lillehaug, J.R.; Staddon, S.L.; Hughes, C.M.; Aasland, R.; Shaw, J.; Varhaug, J.E.;
Brown, C.L.; Gullick, W.J.; et al. Absence of abnormalities of the c-erbB-1 and c-erbB-2 proto-oncogenes in
human thyroid neoplasia. Eur. J. Cancer 1990, 26, 777–779. [CrossRef]

47. Soussi, T.; Wiman, K.G. TP53: An oncogene in disguise. Cell Death Differ. 2015, 22, 1239–1249. [CrossRef]

http://dx.doi.org/10.1016/j.bbrc.2019.03.005
http://www.ncbi.nlm.nih.gov/pubmed/30871777
http://dx.doi.org/10.1073/pnas.0803279105
http://dx.doi.org/10.1074/jbc.271.49.31627
http://www.ncbi.nlm.nih.gov/pubmed/8940182
http://dx.doi.org/10.3892/ol.2019.10135
http://www.ncbi.nlm.nih.gov/pubmed/30988814
http://dx.doi.org/10.1038/s41422-018-0043-5
http://dx.doi.org/10.1242/jcs.210724
http://dx.doi.org/10.1002/ijc.28836
http://www.ncbi.nlm.nih.gov/pubmed/24615357
http://dx.doi.org/10.1002/ijc.30177
http://dx.doi.org/10.7150/thno.21383
http://dx.doi.org/10.1158/1078-0432.CCR-13-0209
http://dx.doi.org/10.5483/BMBRep.2018.51.12.205
http://dx.doi.org/10.1093/nar/gkx247
http://dx.doi.org/10.1158/0008-5472.CAN-06-1191
http://www.ncbi.nlm.nih.gov/pubmed/16885343
http://dx.doi.org/10.1158/2159-8290.CD-12-0095
http://www.ncbi.nlm.nih.gov/pubmed/22588877
http://dx.doi.org/10.1126/scisignal.2004088
http://www.ncbi.nlm.nih.gov/pubmed/23550210
http://dx.doi.org/10.1016/j.celrep.2017.09.085
http://dx.doi.org/10.1016/0277-5379(90)90149-N
http://dx.doi.org/10.1038/cdd.2015.53


Cells 2020, 9, 1347 15 of 15

48. Yip, S.C.; Saha, S.; Chernoff, J. PTP1B: A double agent in metabolism and oncogenesis. Trends Biochem. Sci.
2010, 35, 442–449. [CrossRef]

49. Shen, L.; Shi, Q.; Wang, W. Double agents: Genes with both oncogenic and tumor-suppressor functions.
Oncogenesis 2018, 7, 25. [CrossRef]

50. Sahm, F.; Koelsche, C.; Meyer, J.; Pusch, S.; Lindenberg, K.; Mueller, W.; Herold-Mende, C.; von Deimling, A.;
Hartmann, C. CIC and FUBP1 mutations in oligodendrogliomas, oligoastrocytomas and astrocytomas.
Acta Neuropathol. 2012, 123, 853–860. [CrossRef]

51. Debaize, L.; Troadec, M.B. The master regulator FUBP1: Its emerging role in normal cell function and
malignant development. Cell Mol. Life Sci. 2019, 76, 259–281. [CrossRef]

52. Zhao, Y.; Hu, X.; Liu, Y.; Dong, S.; Wen, Z.; He, W.; Zhang, S.; Huang, Q.; Shi, M. ROS signaling under
metabolic stress: Cross-talk between AMPK and AKT pathway. Mol. Cancer 2017, 16, 79. [CrossRef]

53. Yokoyama, C.; Sueyoshi, Y.; Ema, M.; Mori, Y.; Takaishi, K.; Hisatomi, H. Induction of oxidative stress by
anticancer drugs in the presence and absence of cells. Oncol. Lett. 2017, 14, 6066–6070. [CrossRef]

54. Liu, J.; Chung, H.J.; Vogt, M.; Jin, Y.; Malide, D.; He, L.; Dundr, M.; Levens, D. JTV1 co-activates FBP to induce
USP29 transcription and stabilize p53 in response to oxidative stress. EMBO J. 2011, 30, 846–858. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.tibs.2010.03.004
http://dx.doi.org/10.1038/s41389-018-0034-x
http://dx.doi.org/10.1007/s00401-012-0993-5
http://dx.doi.org/10.1007/s00018-018-2933-6
http://dx.doi.org/10.1186/s12943-017-0648-1
http://dx.doi.org/10.3892/ol.2017.6931
http://dx.doi.org/10.1038/emboj.2011.11
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Plasmid Construction 
	Cell Culture and Generation of Fubp1-Deficient LLC Cells 
	Protein Preparation and Immunoblot Analysis 
	Immunofluorescence 
	Quantitative Real-Time RT-PCR 
	Chromatin Immunoprecipitation (ChIP) Assay 
	Patients and Samples 
	Statistical Analysis 

	Results 
	Cyclin A Is a Transcriptional Target of Fubp1 
	Fubp1 Deficiency Slows Down Cell Cycle Progression 
	Fubp1 Expression Patterns Show Heterogeneity among Cancer Tissues 
	Fubp1 Is Involved in Both Cell Cycling and Cell Survival 

	Discussion 
	References

