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Abstract

Background: Neuroblastoma (NB) is one of the deadliest paediatric solid tumours due to its rapid proliferative
characteristics. Amplified copies of MYCN are considered the most important marker for the prediction of tumour
relapse and progression in NB, but they were only detected in 20-30% of NB patients, indicating there might be
other oncogenes in the development of NB. The far upstream element binding protein 1 (FUBP1) was first
identified as a transcriptional regulator of the proto-oncogene MYC. However, the expression and role of FUBP1 in
NB have not been documented.

Methods: FUBP1 expression was analysed from GEO database and verified by immunohistochemistry (IHC) and
western blotting (WB) in NB tissues and cell lines. Cell proliferation and apoptosis were detected by Cell Counting
Kit-8, Colony formation assay, EDU, TUNEL staining and flow cytometric analysis. Several glycolytic metabolites
production was confirmed by ELISA and oxygen consuming rate (OCR). Luciferase assay, WB, chromatin
immunoprecipitation (CHIP) were used to explore the mechanisms of the effect of FUBP1 on NB.

Results: FUBPT mRNA levels were increased along with the increase in International Neuroblastoma Staging
System (INSS) stages. High expression of FUBP1 with low N-Myc expression accounted for 44.6% of NB patient
samples (n=65). In addition, FUBP1 protein levels were remarkably increased with NB malignancy in the NB tissue
microarray (NB: n =65; ganglioneuroblastoma: n=31; ganglioneuroma: n = 27). Furthermore, FUBP1 expression was
negatively correlated with patient survival rate but positively correlated with ki67 content. In vitro experiments
showed that FUBP1 promotes NB cell proliferation and inhibits cell apoptosis via enhancing glycolysis and ATP
production. Mechanistically, FUBP1 inhibited the degradation of HIF1a via downregulation of Von Hippel-Lindau
(VHL), the E3 ligase for HIF1q, resulting in upregulation of lactate dehydrogenase isoform B (LDHB) expression to
enhance glycolysis. Overexpressed or silenced N-Myc could not regulate FUBP1 or LDHB levels.

Conclusions: Taken together, our findings demonstrate for the first time that elevated FUBP1 promotes NB
glycolysis and growth by targeting HIF1a rather than N-Myc, suggesting that FUBP1 is a novel and powerful
oncogene in the development of NB independent of N-Myc and may have potential in the diagnosis and
treatment of NB.
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Background

Neuroblastoma (NB) originates from the nerve crest of
the sympathetic nervous system and is one of the most
common malignant extracranial solid tumours in chil-
dren, accounting for approximately 10% of the malignant
tumours in children and 15% of all paediatric cancer
deaths [1]. According to the International Neuroblast-
oma Risk Group (INRG) classification system, NB can
be divided into high-risk, intermediate-risk, low-risk,
and extremely low-risk groups. Patients in very low-risk
groups, such as partial M-S (INRG staging)/IV-S (INSS
staging) patients, can self-resolve without any treatment
[1, 2]. However, the progression-free survival rate of
high-risk NB is low even with high-intensity comprehen-
sive treatment, including chemotherapy, surgery, radio-
therapy, autologous stem cell transplantation and
immunotherapy [3]. NB has significant clinical and bio-
logical heterogeneity [4]. Therefore, there is no effective
treatment for high-risk NB because the target of its
pathogenesis is not clear.

MYCN, a member of the Myc family of transcription
factors, is predominantly expressed in the developing
neural crest and is a key regulator of fundamental cellu-
lar processes, including proliferation, differentiation and
migration, with decreased levels associated with terminal
differentiation [5]. The amplified MYCN copies are con-
sidered the most important marker for the prediction of
tumour relapse and progression in NB [6]. The typical
characteristic of MYCN amplification, which is consist-
ently associated with drug resistance, advanced disease
and poor outcome, is detected in 20-30% of all NB pa-
tients [7]. Although MYCN amplification is a proverbial
marker of poor outcome, it cannot predict all poor sur-
vival outcomes [8]. Moreover, 70% of high-risk NB pa-
tients showed no amplification of MYCN [9], which
indicated that other genetic alterations might play an
important role in the development of NB.

The far upstream element binding protein 1 (FUBP1),
also known as helicase V, is highly expressed in various
tumour tissues and cell lines, including liver cancer,
squamous cell carcinoma, renal cell carcinoma, breast
cancer, prostate cancer, bladder cancer and non-small
lung cancer [10-14]. FUBP1 can form a complex with
the distal far upstream element (FUSE) site regulating
gene expression [15], including c-Myc, p21, Usp29, etc.
[16, 17], which displays a broad spectrum of activities,
such as promoting proliferation, cell cycle, invasion and
metastasis of tumour cells [18—-20]. However, the expres-
sion and role of FUBP1 in neurogenic tumours has never
been reported.

Aerobic glycolysis is considered the metabolic signa-
ture for cancer owing to its close association with
tumour growth and progression [21]. An increase in aer-
obic glycolysis, which is the ability to switch from an
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oxidative metabolism to glycolysis and the production of
lactate even when oxygen is plentiful (Warburg effect), is
a key characteristic of solid tumours, including NB [22].
The oncoprotein c-Myc contributes to malignancy by
various mechanisms, including accelerating tumour gly-
colysis, driving cellular proliferation, blocking differenti-
ation, increasing cell migration and inducing
angiogenesis [23]. In addition to the role of c-Myc in
tumour glycolysis, another significant transcription fac-
tor, HIFla, could regulate the expression of key glyco-
lytic enzymes involved in the reaction to hypoxia, such
as hexokinase 2 (HK2), aldolase A, pyruvate kinase M,
lactate dehydrogenase isoform A (LDHA) and phospho-
glycerate kinase 1 [24—28], while the detailed mechanism
is still unclear. Notably, recent studies have described
the effects of c-Myc and HIFs on carbon metabolism,
protein synthesis, and proliferation as interactional [29—
32]. Therefore, we propose that FUBPI is involved in
NB rapid proliferation via promoting glycolysis by tar-
geting c-Myc or/and HIF1a.

In the current study, we investigated the role of
FUBP1, another important oncogene in the development
of NB independent of N-Myc, to determine the hypoth-
esis that FUBP1 accelerated glycolysis, resulting in NB
cell proliferation. These collective findings of this study
may provide new targets for the diagnosis and treatment
for NB.

Material and methods

Human samples

Eighteen frozen peripheral neuroblastic tumour (pNT)
tissue samples [10 neuroblastoma (NB), 6 ganglioneuro-
blastoma (GNB), 2 ganglioneuroma (GN)] and a total of
123 pNT paraffin-embedded tissue samples (65 NB, 31
GNB and 27 GN) were collected from the Guangzhou
Women and Children’s Medical Center. The collection
was in strict agreement with the institutionally approved
guidelines, and each participant gave written informed
consent. The pNT patients were clinically classified ac-
cording to INPC, the Shimada System. The clinical and
biological characteristics of the patients are described in
Additional file 8: Table S1.

Cell lines and culture

The neuroblastoma cell lines SH-EP, SK-N-BE (2), SK-
N-SH, SK-N-BE (2) C, SK-N-AS, and Kelly were from
by Professor Bo, Li [33] from Sun Yat-sen University
School of Medicine. MRC-5 and HeLs (Human embry-
onic Lung fibroblasts) cells were from Dr. Ruizhong,
Zhang. Primary mouse neuron cells were isolated and
cultured from fetal mouse hippocampus tissues as previ-
ously described [34]. NB cells were cultured in DMEM.
Primary mouse neuron cells were cultured with Neuro-
basal (Gibco, USA) medium supplemented with B27 (1:
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50, Thermo Fisher, USA). All culture medium was
supplemented with 10% FBS and 1:100 penicillin/
streptomycin.

shRNA, siRNA, plasmids, lentivirus and transfection

All lentiviral vectors contained the puromycin resistance
gene. Vectors encoding FUBP1 shRNAs were purchased
from Hanbio Biotechnology (Shanghai, China) Co., Ltd.
FUBP1 siRNA, HIFla and control siRNA were pur-
chased from RiboBio (Guangzhou, China). Plasmids en-
coding FUBP1 were purchased from Obio Technology
(Shanghai, China) Corp, Ltd.; the lentiviruses were pack-
aged, and cells were transduced and subjected to puro-
mycin selection as previously described [35]. According
to the manufacturer’s instructions, transfections were
performed at approximately 60% confluency using
RNAIMAX or Lipofectamine 2000 (Invitrogen, USA).
After 24 h, confirmation of interference was carried out
using real-time quantitative PCR (RT-qPCR) and West-
ern blotting.

RNA isolation and RT-qPCR

Total RNA was extracted using TRIzol (Invitrogen,
USA) according to the manufacturer’s protocol. First-
strand ¢cDNA synthesis was performed using 500 nano-
grams of total RNA, and the RT-qPCR analysis system
was performed using iQ SYBR Green Supermix and the
iCycler Real-time PCR Detection System (Bio-Rad,
USA). Relative mRNA quantities were determined using
the comparative cycle threshold (2°4*“") method. B-actin
was used for normalization. Primer sets for SYBR Green
analysis of human Fubpl, Hifla Ldha, Ldhb, Vhl, Hk2,
Pdk1(phosphoinositide dependent protein kinase-1),
Pkm, G6pd (Glucose-6-phosphate dehydrogenase), Fbp1
(Fructose-1,6-bisphosphatase) and p-actin are as follows:
Fubpl forward: TCTTTCTCAGCCCTAACCCA; Fubpl
reverse: CTTGTCCAAGAGCCATCTCCAT; Hifla for-
ward: ACTTGGCAACCTTGGATTGG; Hifla reverse:
TGTGCAGTGCAATACCTTCCA; Ldha forward: GTT
CCACTTAAGGCCCCTCC; Ldha reverse: AGATATCC
ACTTTGCCAGAGACA; Ldhb forward: CTGGTAGGT
TTCGGCTCAGG; Ldhb reverse: CTCGCCACACTT
GA; Vhl forward: GCGTTCCATCCTCTACCGAG; Vhl
reverse: ATCGTGTCCCTGCATCTC; Hk2 forward: CA
TCCAGAGGAGAGGGGACT; Hk2 reverse: ACCGGT
GTTGAGAAGCTCTG; Pdkl forward: CATCCAGAGG
AGAGGGGACT; Pdkl reverse: ACCGGTGTTGAGAA
GCTCTG; Pkm forward: GTCTGGGAGGAAAGTCGC
TC; Pkm reverse: GCTGGGCCAATGGTACAGAT;
G6pdh  forward GCCGGAACCTGGATTCTGAT;
G6pdh reverse: TGCCTGGGTGCCAGTTAAAA; Fbpl
forward: GCGTCTAAAGGTTTCCGCGA; Fbpl reverse:
ACCAGCAATGCCATAGAGGTG; B-actin forward: GC
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ACTCTTCCAGCCTTCCTT; B-actin reverse: GTTGGC
GTACAGGTCTTTGC.

Western blotting

Tissues and whole-cell lysates were extracted for total
protein using SDS buffer. Protein concentrations were
determined using a BCA protein assay kit (KeyGEN Bio-
TECH Laboratories, China) according to the manufac-
turer’s protocol. Equal amounts of protein were
subjected to western blotting analysis. Blots were probed
with antibodies against FUBP1 (ABE1330, Merck Milli-
pore, USA), LDHB (ab85319, Abcam, USA), LDHA
(ab101562, Abcam, USA), VHL (ab140989, Abcam,
USA), HIFla (14,179, CST, USA), HK2 (#2106 s, CST,
USA), c-Myc (13,987s, CST, USA), N-Myc (84,406,
CST, USA) and p-actin (A5441, Sigma, USA). HRP-con-
jugated anti-rabbit (Santa-Cruz, USA) and anti-mouse
(Santa-Cruz, USA) secondary antibodies were used. Pro-
teins were determined using ECL Plus Reagent (Merck
Millipore, USA).

Immunohistochemistry

The 123 paraffin-embedded tissue samples collected
were first stained with HE. After HE stained analysis, a
representative tumour tissue region (4 mm x 4 mm) was
selected from each sample to be perforated to prepare
the tissue microarray (Shanghai Outdo Biotech Co., Ltd.,
China). Tissue microarrays were deparaffinized and
dehydrated with graded alcohol. Then, the samples were
prepared according to the protocol as described previ-
ously [35]. The arrangement of the tissue microarray is
shown in Additional file 1: Fig. S1A.

H-score

Staining results were analysed by a pathologist who was
blinded to clinical data. Immunohistochemical scoring of
proteins was based on a semiquantitative method ac-
cording to the percentage of positive cells and intensity
of staining. The scoring of percentage of positive cells
was as follows: 0, no staining or staining in < 25% of the
tumor cells; 1, staining in 25 to 50% of the cells; 2, stain-
ing in 51 to 75% of the cells; 3, staining in 76 to 100% of
the cells. The scoring of intensity was as follows: 0, nega-
tive; 1, weak; 2, moderate; 3, strong. H-Score was calcu-
lated as the sum of the products of the intensity and the
percentage of positive cells. Cellular proteins (H-Score >
5) were considered as high expression while proteins (H-
Score < 5) were considered as low expression.

Hypoxic cell culture

Cells were incubated for 24 h in the BINDER hypoxic in-
cubator (Germany) in 1% O,, 5% CO, and 94% N, in a
humidified atmosphere at 37 °C. Cells were incubated in
the incubator to maintain hypoxia. Confirmation of
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hypoxic conditions was performed using western blot-
ting to detect expression of HIFla.

Flow cytometric analysis

NB cell staining with Annexin V and PI was carried out
using an Annexin V-FITC/PI Apoptosis Detection kit
(Merck, Germany). A total of 1 x 10° cells were incu-
bated at 37 °C for 30 min before centrifugation to collect
the cell pellet, then resuspended in a Ca**-enriched
binding buffer and analysed using a Beckman Coulter
flow cytometry. Data were calculated using CellQuest
software.

Colony formation assay

Cells transfected with FUBP1 siRNA or control siRNA
or vector encoding FUBP1 or empty vector (EV) were
plated in 6-well dishes (500 cell/dish) and then incu-
bated for 2weeks for colony formation. After 14 days,
cell colonies were then fixed in 4% polyformaldehyde
and stained with 0.1% crystal violet. All colonies were
counted separately for each sample, and the relative col-
ony numbers were calculated.

Cell counting Kit-8 (CCK8)

Cell proliferation was measured via cell viability with a
Cell Counting Kit-8 (Dojindo, Japan). Cells were seeded
into 96-well plates and cultured for 24 h. Then, 100 pl
CCK8 reagent was added to 96-well plates and incubated
for 4h. The absorbance (OD450 nm) was measured
using a microplate reader (TECAN, Switzerland) and
calculated.

Glucose consumption assay

Cells were seeded in 6-well plates and cultured for 6 h,
changed with fresh culture medium and incubated for
additional 15h. Glucose levels in culture medium were
measured using a commercially Glucose Assay Kit
(GAHK?20, Sigma, USA). The absorbance (OD340 nm)
of Glucose level was measured using a microplate reader
(TECAN, Switzerland) and calculated.

ATP colorimetric assay

Approximately 1 x 10° cells were lysed in 100 ul ATP assay
buffer and then deproteinized using the Deproteinization
Sample Preparation Kit. Then, 50 pl cell lysates were added
into a 96-well plate. For each well, a total of 50 pl Reaction
Mix was prepared according to the manufacturer’s instruc-
tions (K354—100, BioVision, USA); then, the samples were
incubated at room temperature for 30 min. The absorbance
(OD570 nm) of ATP in the sample well was measured in a
microplate reader (TECAN, Switzerland) and calculated.
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Lactate dehydrogenase (LDH) assay

A total of 1 x 10° cells or homogenized tissues (100 mg)
were harvested in 2—4 volumes of cold assay buffer and
then centrifuged to collect the supernatant. A total of
50 ul of Reaction Mix was prepared according to the
manufacturer’s instructions (ab102526, Abcam, USA)
and then incubated at room temperature for 30 min.
The absorbance (OD450 nm) of LDH activity was mea-
sured using a microplate reader (TECAN, Switzerland)
and calculated.

Lactic acid (LD) assay

Whole cell lysates or homogenized tissues were prepared
in assay buffer (0.02ml deionized water, 1 ml enzyme
working solution, 0.2ml substrate) according to the
manufacturer’s instructions (Jiancheng, Nanjing, China)
and then incubated at 37 °C for 10 min. The absorbance
(OD530 nm) of LD was measured using a microplate
reader (TECAN, Switzerland) and calculated.

Oxygen consumption rate (OCR) assay

The measurement of oxygen consumption rate was car-
ried out using Seahorse Bioscience XF-96 extracellular
flux analyzer (Seahorse Bioscience). NB cells were
seeded in XF 96-well plate (Seahorse Bioscience) with
Seahorse XF medium supplemented with 10 mM glu-
cose, 1 mM sodium pyruvate and 2 mM glutamine. The
plate was pretreated in non-CO, condition for 1h and
sequentially injected oligomycin (inhibition of ATP syn-
thase), FCCP (uncoupling agent of oxygen consumption
from ATP production), and rotenone and antimycin A
(inhibitor of complex I and III in electron transport
chain of mitochondria) into each well, and then proceed
in XF analyzer for OCR measurement and analysis.

Luciferase assay

The luciferase-encoding HIFla-promoter or VHL-promoter
and control sequences were purchased from Hanbio Bio-
technology (Shanghai, China) Co., Ltd. Cells were plated in a
96-well plate, transfected with luciferase, and at 48 h after
transfection, the culture medium was renewed. Luciferase ac-
tivities were measured by a commercial kit (SpectraMax M5)
using the Dual-Luciferase Reporter Assay System (Promega,
USA).

Statistical analysis

The variability of the data is presented as the SD
(mean + SD) and was assessed with Student’s ¢ test be-
tween two groups. For multiple groups, significant dif-
ferences were determined using one-way ANOVA.
Kaplan-Meier curves were generated between protein
expression and overall survival time. The log rank test
was used for statistical comparisons between two groups.
Statistical significance was defined at p < 0.05.
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Results

FUBP1 increased with the degree of NB malignancy and
was negatively correlated with the survival rate
independent of N-Myc

To verify the key role of N-Myc, we analysed N-Myc ex-
pression in an NB Tissue Microarray (TMA, Additional
file 1: Fig. S1B). We found that the percentage of N-Myc
high expression (H-Score >5; n=24) in NB tissues (n =
65) was only 36.9%, while the percentage of N-Myc low
expression (H-Score <5; n=41) in NB tissues (n =65)
was 63.1% (Fig. 1a and c). The data indicated that other
genetic alterations might play an important role in the
development of NB. To evaluate the relevance of poten-
tial genetic alterations in NB, we first analysed the NB
transcriptome microarray from the GEO database and
found that FUBP1 mRNA levels were increased with the
progression of NB INSS stage (Additional file 1: Fig.
S1D). Meanwhile, we found that the proportion of
FUBP1 high expression was increased with the progres-
sion of NB INSS stage. Then, we tested FUBP1 levels in
NB tissue microarrays of 123 neuroblastoma tumour tis-
sue samples (NB: n =65; GNB: n =31; GN: n=27, Add-
itional file 1: Fig. S1C). Our data demonstrated that the
proportion of the highly expressed FUBP1 group (H-
Score>5; n=48) was 73.8%, which was much higher
than the proportion of the low expression FUBP1 group
(H-Score < 5; n =17, Fig. 1b-d). Interestingly, we found
that the proportion of FUBP1 high expression and pro-
portion of N-Myc low expression together accounted for
44.6% of NB pathological samples (n=65) (Fig. 1c-d).
Furthermore, we obtained 70 patients’ personal clinical
follow-up information from patients with 44 NB patho-
logical subtypes. Our data demonstrated that compared
with simultaneous high FUBP1 expression and low N-
Myc expression or high N-Myc expression and low
FUBP1 expression, the survival outcomes of patients
with both N-Myc and FUBP1 high expression were
much poorer (p=0.02; Fig. 1e). The data showed that
FUBP1 might be another important oncogene in the de-
velopment of NB independent of N-Myc. Next, we ex-
plored the key role of FUBP1 in the development of NB.
Impressively, compared to GN tissue (H-Score =2.04 +
1.09), FUBP1 levels were remarkably increased in GNB
tissue (H-Score =3.94 +1.90; p<0.001) and even more
so in NB tissue (H-Score =5.80 + 2.53; p < 0.001; Fig. 1f
and Additional file 1: Fig. S1C). FUBP1 levels were cor-
respondingly significantly increased in NB compared to
GNB tissue in 10 fresh tissues (NB: n=5; GNB: n=5,
Fig.1g). Furthermore, we analysed the relationship be-
tween the survival time of 70 patients’ personal clinical
follow-up information and FUBP1 expression. There was
a significant negative correlation between FUBP1 and
the survival rate of patients (p=0.008; Fig. 1h). We
found that the proportion of ki67-positive cells (ki67% =
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13.84+2.412; n=59) in the low-expression FUBP1
group (H-Score <5) was significantly lower than that in
the high-expression FUBP1 group (H-Score > 5; ki67% =
23.84 + 3.86; n = 31; Fig. 1i) in all NB tissues, suggesting
that FUBP1 may play an important role in the develop-
ment of NB independent of N-Myc.

FUBP1 promoted NB cell proliferation

To determine the effect of FUBP1 on NB, we first tested
FUBP1 levels in different NB cells [36]. Similar to the re-
sults in tissue, FUBP1 was significantly increased in the
NB cell lines compared with normal cells (Neuron, HT22,
MRCS5, HELs; Fig. 2a). NB cells overexpressing or silen-
cing FUBP1 (Additional file 1: Fig. S1F-H) were assessed
by CCK8 and EDU analyses. The CCK8 results showed
that the number of NB cells was significantly reduced after
interference with FUBP1 (CON =1.185+0.44; siNC =
1.234 + 0.10; siFUBP1 = 0.595 + 0.07; p < 0.01), and the cell
viability increased significantly after overexpression of
FUBP1 (CON =0.796 + 0.02; EV =0.839 + 0.02; FUBP1 =
1.252 + 0.10; p < 0.001; Fig. 2b). The interfering effects of
siFUBP1 are shown in Additional file 1: Fig. S1G. Com-
pared to the control, the number of single clones was sig-
nificantly increased in NB cells after overexpression of
FUBP1 and significantly reduced after interference with
FUBP1 (Fig. 2c-d). EDU experiments showed that the pro-
liferation of NB cells was significantly inhibited after inter-
fering with FUBP1, while overexpression of FUBP1
significantly promoted NB cell proliferation (Fig. 2e and f).
Taken together, these results indicated that FUBP1 could
promote NB cell proliferation.

FUBP1 inhibited apoptosis of NB cells

We further detected apoptosis of NB cells with overex-
pression or silencing of FUBP1. The TUNEL staining re-
sults showed that the staining intensity was increased
after interference with FUBP1 and reduced after overex-
pression of FUBPI, indicating that FUBP1 inhibited NB
cell apoptosis (Fig. 3a-d). Furthermore, NB cells were
incubated with Annexin V and propidium iodide (PI)
dye and detected by a flow cytometer. Our results
showed that the apoptosis rate was significantly increased after
interfering with FUBP1 (siNC =7.32% + 1.23; siFUBP1 =
13.88% + 0.88; p < 0.05; Additional file 2: Fig. S2A and
S2C), while high FUBP1 expression reduced the rate of
apoptosis (EV =15.90% +1.82; FUBP1=7.13% + 1.40;
p <0.05; Additional file 2: Fig. S2B and S2D). These re-
sults indicated that FUBP1 could inhibit NB cell
apoptosis.

FUBP1 promoted NB cell growth by enhancing NB
glycolysis

We detected the proliferation of NB cells that stably
overexpressed or silenced FUBP1 by administration of
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asterisk, p < 0.05; asterisks, p < 0.001

Fig. 1 There was a significant positive correlation between FUBP1 and NB malignancy and a significant negative correlation with survival rate
independent of N-Myc. (@) Immunohistochemistry staining of N-Myc and division into two categories: N-Myc high expression (n = 24) and N-Myc
low expression (n=41) according to the histochemistry score (H-score) of neuroblastoma TMA tissue (NB: n =65). (b) Immunohistochemistry
staining of FUBP1 and division into two categories: FUBP1 high expression (n =48) and FUBP1 low expression (n = 17) according to the H-score
on neuroblastoma TMA tissue (NB: n = 65). (¢) Statistical analysis of the H-Score of FUBP1 and N-Myc in NB samples. (d) Statistical analysis of the
H-Score of FUBP1 and N-Myc in the INSS NB stage 1-4.(e) Survival analysis of 44 NB pathologic subtype patients divided into four categories:
high FUBP1 and low N-Myc expression (n = 19); low FUBP1 and high N-Myc expression (n = 5); high FUBP1 and high N-Myc expression (n = 12);
low FUBP1 and low N-Myc expression (n = 8). High expression was considered a H-Score 2 5. (f) Statistical analysis of the H-Score of FUBP1 in NB
TMA, which consists of 123 neuroblastoma tumour tissue samples (NB: n=65; GNB: n=31; GN: n = 27). (g) Western blot analysis of FUBP1
expression in frozen peripheral neuroblastic tumour (pNT) tissue samples (5 NB, 5 GNB). B-Actin served as a loading control. (h) Survival of NB
patients with high expression of FUBP1 (H-Score = 5; n = 33) versus those with low expression of FUBP1 (H-Score < 5; n=37). (i) Statistical analysis
of the ki67-positive ratio in high and low expression of FUBP1 in NB tissue from clinical data. Error bars represent the standard deviation (SD); one

the glycolytic inhibitor 2-DG (2mM). The results
showed that interference with FUBPI1 inhibited the
proliferation of NB cells (SK-N-BE(2)-EV =1.90 + 0.05;
SK-N-BE(2)-shFUBP1 =1.51 £0.13; n=12; p<0.001),
while the additional administration of 2-DG could block the
effect of FUBP1 on the proliferation of NB (SK-N-BE(2)-
EV =1.32 + 0.07; SK-N-BE(2)-shFUBP1; n = 12; NS; Fig. 4a).
Similarly, stable overexpression of FUBP1 promoted the pro-
liferation of NB cells (SH-EP-EV =0.94 +0.036; SH-EP-
FUBP1 =129 +0.10; n = 12; p < 0.01), and the additional ad-
ministration of 2-DG blocked the effect of FUBP1 on the
proliferation of NB (SH-EP-EV =0.77 £0.03; SH-EP-
FUBP1 = 0.80 + 0.06; n = 12; NS; Fig. 4b). These results indi-
cated that the effect of FUBP1 on NB proliferation was
mainly through the glycolytic pathway.

To further identify whether FUBP1 could regulate NB
glycolysis, the glucose utilization of NB was detected.
The positive and negative results indicated that FUBP1
promoted glucose consumption by NB cells; the treat-
ment of 2-DG blocked the effect of FUBP1 on the glu-
cose consumption of NB cells (Fig. 4c-d). Furthermore,
ATP content in NB cells after stable transfection with
FUBP1 was detected. We found that ATP content in NB
cells with stable interference of FUBP1 was significantly
reduced (1607.00 +49.06 umol/g) compared with the
control (1706.00 £ 53.24 umol/g; p <0.05). Moreover,
ATP content in NB cells with stable overexpression of
FUBP1 was significantly increased (1834 + 67.06 umol/g;
p <0.01) compared with the control (1182 + 91.05 umol/
g; Fig. 4e). We also examined the effect of FUBP1 on the
oxygen consumption rate of NB cells. The results
showed that the oxygen consumption rate increased
(241.40 £ 5.47 pmol/min; p < 0.05) in the FUBP1 interfer-
ence group compared with the control (132.40 +3.48
pmol/min). The rate of oxygen consumption was de-
creased (176.50 + 4.13 pmol/min; p < 0.01) in the FUBP1-
overexpressing group compared with the control
(223.90 £ 6.56 pmol/min; Fig. 4f-g), suggesting that
FUBP1 promoted the increase in ATP while reducing
the oxygen consumption rate of NB cells. These results

demonstrated that FUBP1 promoted the production of
ATP by promoting aerobic glycolysis rather than the
aerobic phosphorylation process in NB to provide energy
for the rapid proliferation of NB.

Then, the content of lactic acid in NB cells was de-
tected after interference with or overexpression of
FUBP1. We found that lactate production was inhibited
after interfering with FUBP1 (siNC = 5.40 + 0.53 pmol/L;
siFUBP1 = 3.08 + 0.78 umol/L; p<0.05) but increased
after overexpression of FUBP1 (EV =5.03 + 0.27 pmol/L;
FUBP1 =7.44 £ 0.21 umol/L; p<0.001; Fig. 4h). We
found that lactic acid levels were much higher in NB tis-
sues (20.70 +4.16 pmol/L; n=10) than GNB tissues
(9.40 + 1.31 pmol/L; n = 6; p <0.001; Fig.4i). In addition,
compared to the control (7.61 + 0.31 mU/ml), LDH ac-
tivity was significantly decreased after interference with
FUBP1 (6.40 £ 0.67 mU/ml; p <0.05). LDH activity was
significantly increased after overexpression of FUBP1
(EV=10.24+0.21 mU/ml; FUBP1 =13.05 +0.23 mU/ml;
p<0.001; Fig. 4j). We also found that LDH activities
were much higher in NB tissues (32.87 +5.47; n=10)
than GNB tissues (17.74 £ 4.07; n=6; p < 0.001; Fig.4k),
indicating that FUBP1 could promote LDH activity.
Therefore, we concluded that FUBP1 could promote NB
glycolysis.

FUBP1 was positively correlated with the expression of
LDHB

To identify how FUBP1 regulates NB glycolysis, we first
observed key glycolytic enzyme levels, including HK2,
FBP1, G6PD, PKM, LDHA and LDHB, followed by FUBP1
overexpression or knockdown in NB cells. Figure 5a
shows the expression of the key glycolytic enzyme mRNA
levels, and we found that LDHA and LDHB mRNA levels
were upregulated by FUBP1, while other enzymes obvi-
ously remained unchanged. Therefore, we hypothesized
that LDHA and LDHB played a crucial role in the pro-
gression of NB. We first tested LDHA in the NB tissue
microarray, our results showed that LDHA expression had
no obvious correlation with survival ratio in those
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Fig. 3 FUBP1 inhibits apoptosis of NB cells. (@) SK-N-BE (2) cells were infected with siRNA to knock down FUBP1 for 72 h, followed by TUNEL
staining. (b) SH-EP cells were infected with viruses expressing FUBP1 for 72 h, followed by TUNEL staining. (c) Statistical analysis of the cell
apoptotic rate after SK-N-BE (2) cells were infected with siRNA to knock down FUBP1 for 72 h. (d) Statistical analysis of the cell apoptotic rate after
SH-EP cells were infected with viruses overexpressing FUBP1 for 72 h. Scale bar, 100 um. Error bars represent the standard deviation (SD); one

asterisk, p < 0.05

neuroblastoma samples (including 3GN, 23GNB, 44NB)
(Additional file 3: Fig. S3A-C). Then we analysed the rela-
tionship between LDHA levels and survival outcome of
NB patients (Pathological pattern is NB not GNB or GN,
n =44). Our data showed that LDHA expression was cor-
related with survival ratio (Additional file 3: Fig. S3D).
Meanwhile, our data demonstrated that LDHA expression
had the correlation with FUBP1 expression (Additional file
3: Fig. S3E). The results implied that LDHA could be reg-
ulated by FUBP1, but previous study demonstrated that
LDHA promoted neuroblastoma growth independent of
aerobic glycolysis [36]. Therefore, we focused on detecting
LDHB expression in neuroblastoma.

Notably, the expression of LDHB in the NB tissue
microarray was strongly positively correlated with
FUBP1 (R=0.7; p<0.001; Fig. 5b and c). Furthermore,
the histochemistry score of LDHB correspondingly sig-
nificantly increased with the degree of NB malignancy in
the clinical samples (Fig.5d). In addition, the survival ra-
tio of patients with high LDHB expression was much
lower than that in the low expression group (p<0.01;
Fig.5e). Thus, LDHB may be the downstream molecule
of FUBP1 in the progression of NB.

FUBP1 regulated downstream LDHB expression via
targeting HIF1a

We stained c-Myc on the NB TMA. The staining results
were scored according to the H-Score system and then
counted. The results showed that compared with GN,
the expression of c-Myc was increased in GNB and NB
(Additional file 4: Fig. S4A-B). However, there was no
significant difference between GNB and NB (Additional
file 4: Fig. S4B). Furthermore, we found a correlation
between c-Myc and FUBP1 expression in NB TMA
(R=0.173, p=0.03; Additional file 4: Fig. S4C). Previ-
ously, research showed that c-Myc was an important
regulator of aerobic glycolysis [29]. First, we verified
the effect of siRNAs on c-Myc knockdown in SH-EP
cells (Additional file 4: Fig. S4E). Additional file 4:
Fig. S4D shows that LDHB levels were relatively high
even though c-Myc was knocked down in NB cells
overexpressing FUBP1, suggesting that FUBP1 may
regulate NB glycolysis partially through the c-Myc
pathway. Recent evidence concerning the detailed mo-
lecular mechanism of aerobic glycolysis has focused
on the two regulators of the Warburg effect (c-Myc
and HIFla) [29]. Therefore, we determined whether

HIF1la plays a significant role in NB glycolysis. The interfer-
ing effect of siHIF1la is shown in Additional file 3: Fig. S3E.
Fortunately, Additional file 4: Fig. S4D shows that LDHB
expression was decreased in NB cells with HIF1a knock-
down. Furthermore, we found that HIF1a and LDHB levels
were increased in NB tissues compared to GNB tissues
(Fig. 5f). Figure 5g shows a strong positive correlation be-
tween FUBP1 and HIFla expression in NB frozen tissues.
Likewise, HIF1a and LDHB levels were increased in NB cell
lines compared to normal cell lines (Fig. 5h). Moreover,
HIFla and LDHB mRNA and protein levels were increased
after FUBP1 overexpression and downregulated after
FUBP1 interference in NB cells (Fig. 6a, Fig. 5a). We further
found that LDHB was downregulated after interfering with
HIFla and upregulated after culture in a hypoxic incubator
with overexpression of HIF1la (Fig. 6b). The interfering ef-
fects of siHIFla are shown in Additional file 4: Fig. S4E.
However, FUBP1, c-Myc N-Myc and VHL levels were not
changed, and LDHA was increased. (Fig.6b) Furthermore,
Additional file 4: Fig. S4D demonstrated that c-Myc played
a crucial role in regulating glycolytic enzyme LDHB expres-
sion with affecting HIFla in NB cells. FUBP1 could influ-
ence downstream LDHB level by partially regulating the
crucial factor c-Myc. The interference of both c-Myc and
HIF1la were proved to eliminate LDHB levels in NB cells,
which indicated that FUBP1 might upregulate LDHB ex-
pression to enhance NB glycolysis through c-Myc and
HIFla pathway.

Previous studies showed that N-Myc (MYCN) could
regulate glycolytic key enzymes including HK2, PKM,
LDHA, resulting in enhanced glycolysis in NB [37]. Our
data showed that compared to GN, N-Myc levels were
significantly different in GNB or NB (Additional file 5:
Fig. S5A). Therefore, we hypothesized whether FUBP1
might regulate N-Myc, or N-Myc regulated FUBP1 to
enhance NB glycolysis. To verify the relationship be-
tween FUBP1 and N-Myc, we detected the expression of
FUBP1 in the SH-EP cell overexpressed or silenced N-Myc;
and the expression of N-Myc in the SH-EP cell overex-
pressed or silenced FUBP1. However, the results demon-
strated that N-Myc could not regulate FUBP1 or LDHB
levels; FUBP1 could not regulate N-Myc in the SH-EP cell
(Additional file 5: Fig. S5B-C), which indicated that the path-
way FUBP1 or N-Myc regulating NB glycolysis were mutu-
ally independent.

Collectively, FUBP1 regulated downstream LDHB
expression via targeting c-Myc and HIFla resulting in
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Fig. 4 FUBP1 promotes NB cell growth through glycolysis. SK-N-BE (2) cells were stably infected with lentiviral containing shRNA specific to
FUBP1 gene (shFUBP1) or shRNA containing scramble sequences (shCON) for 48 h. SH-EP cells were transfected with plasmid containing over-
expressing FUBP1 gene sequences (FUBP1) or empty vectors (EV) for 48 h. The levels of FUBP1 levels in shFUBP1 or plasmid overexpressing

FUBP1 cells were determined by Western blot. 3-Actin served as a loading control. (@) SK-N-BE (2) cells were treated with 2-DG (2 mM) for 72 h,
followed by CCK8 analysis. (b) SH-EP cells were treated with 2-DG (2 mM) for 72 h, followed by CCK8 analysis. (c) SK-N-BE (2) cells were treated
with 2-DG (2 mM) for 72 h, followed by glucose consumption using a glucose assay kit. (d) SH-EP cells were treated with 2-DG (2 mM) for 72 h,
followed by glucose consumption using a glucose assay kit. (e) Cell ATP production analysis. (f) Extracellular oxygen consumption analysis. (g)
Statistical analysis of oxygen consumption analysis. (h) Lactate analysis in cell supernatant. (i) Lactate analysis in NB tissues (GNB: n=6; NB: n=10).
(j) LDH activity analysis in cells. (k) LDH activity analysis in NB tissues (GNB: n =6; NB: n = 10). Error bars represent the standard deviation (SD); one
asterisk, p < 0.05; two asterisks, p < 0.01; asterisks, p < 0.001; NS means no significant difference

the enhanced NB glycolysis, which was independent
of N-Myc.

FUBP1 upregulated HIF1a by promoting HIF1Ta mRNA
levels and inhibiting HIF1a degradation via binding to
the VHL promoter

Previously, research regarding the elaborate regulatory
mechanism of HIFla protein concentrated on post-
translational modification. VHL-mediated HIFla deg-
radation was clearly observed [38]. VHL, as the common
HIF1la-E3 ligase, combined with HIFla subunits resulted
in their ubiquitination and degradation under normoxic
conditions. Under normoxia, HIF1la was maintained at a
low level via the hydroxylation by prolyl hydroxylase do-
main enzymes and the recognition and ubiquitination by
the E3 ligase VHL, followed by proteasomal degradation.
Hypoxia reduces the activity of prolyl hydroxylase do-
main enzymes, which led to the stabilization of HIFs and
the initiation of HIF-dependent transcriptional expres-
sion [39]. Therefore, our data showed that VHL mRNA
and protein levels were increased after interference with
FUBP1 and downregulated after overexpression of
FUBP1 in NB cells, suggesting that FUBP1 might
regulate HIF1la protein levels through VHL (Fig. 6¢ and
Additional file 7: Fig. S7A). To investigate whether VHL
was transcriptionally regulated by FUBP1, promoter as-
says were undertaken. As shown in Fig.6d, luciferase re-
porters containing the full-length of the human VHL
promoter were transiently transfected into SH-EP cells
together with empty vector or overexpressing FUBP1
vector. Overexpression of FUBP1 inhibited activity of
VHL promoter reporters. After carefully searching, we
found one potential binding site (CTTGT), which is
identical to the Usp29 FUSE binding site [17]. The can-
didate FUBP1 binding site, CTTGT (underlined), was
shown in the - 1798 to - 1794 region of the Vhl pro-
moter sequence (Fig. 6e). To confirm that FUBP1 can
directly bind to the VHL promoter sequence (- 1833 bp
~ —1734bp), we performed ChiP assay using anti-
FUBP1 antibody. As shown in Fig.6f, FUBP1 inhibited
Vhl transcription through a FUBP1-binding site on the
VHL promoter sequence (- 1833 bp ~ — 1734 bp). A sin-
gle T- to A- substitution in the potential binding site

abolished FUBP1 mediated down-regulation of VHL
promoter reporter activity (Fig. 6g). Taken together,
these results suggested that FUBP1 regulated down-
stream LDHB expression by upregulating HIFla levels
by binding to the VHL promoter and downregulating
VHL levels (Fig. 7).

Notably, we found that FUBP1 might also bind to the
HIFla promoter to upregulate HIFla mRNA levels
(Additional file 6: Fig. S6A-B). Further research is needed to
verify the precise FUBP1-binding site in the HIF1a promoter.

Discussion

NB is one of the most common extracranial malignant
solid tumours in children. This occult disease shows
rapid progress, a high degree of malignancy and easy re-
currence and is difficult to treat. However, its pathogen-
esis is not completely understood. The current study
first demonstrated that the proportion of low N-Myc ex-
pression was much higher than the proportion of high
N-Myc expression in NB pathological samples (Fig. 1a,
c-d and Additional file 1: Fig. S1B). We speculated that
other genetic alterations may play an important role in
the development of NB. Then, the NB transcriptome
microarray from the GEO database was re-analysed and
showed that the tumour-associated transcription factor
FUBP1 was significantly increased with NB malignancy
(Fig. 1b-f and Additional file 1: Fig. S1C-D). Further-
more, we verified that there was a significant negative
correlation between FUBP1 and the survival rate of pa-
tients (Fig. 1g). Moreover, FUBP1 promoted NB prolifer-
ation and inhibited apoptosis via promoting NB
glycolysis. Mechanistically, these results demonstrated
for the first time that abnormally elevated FUBP1 pro-
motes NB glycolysis and growth by targeting both c-
Myc and HIFla. Here, we first identified that FUBP1 up-
regulated HIF1la mRNA expression by directly binding
to the HIFla promoter sequence and inhibited its deg-
radation via downregulating VHL through targeting a
FUBP1-binding site on the VHL promoter (Fig. 6a-g).
These findings are the first to establish that abnormally
increased FUBP1 plays an important role in NB, enrich
our knowledge of the properties of FUBP1 and provide
new indicators for the diagnosis and treatment of NB.



Jiang et al. Journal of Experimental & Clinical Cancer Research (2019) 38:400

Page 13 of 19

A
J CON
= SiNC
600 #+ [l SIFUBP1
s 1 m eV
5! W FUBP1
< .
Z
&
g
o
&
=N
S
&~
C
R=0.70
P<0.001
» .
v )
] .
L
“n LI & [
= ®
E e o . .
a . .
- o o . *
L]
T4 6 8
FUBP1 H-Score
E
100
=
5
£
7
E 50 4
A — LDHB low{n=50)
—— LDHB high{n=20) p=0.0019
0 T T T 1
0 20 40 60 80
Time after diagnosis(m)
G
5 15000 R=0.80
= o P=0.0002
Z 10000- *
=
= .
E,, 5000 .
5
=y
&) *
i B : . .
0 5000 10000 15000
FUBPI gray value(AU)
Fig. 5 (See legend on next page.)

LDHB

LDHB H-Score

GN(n=27) GNB(n=31) NB(n=65)

HIFla
FUBP1
LDHB

p-actin

HIFla| 8%

GNB NB

dadol 1 1]

bl P

LDHB

L “.g“”-

B-actin




Jiang et al. Journal of Experimental & Clinical Cancer Research

(2019) 38:400

Page 14 of 19

(See figure on previous page.)

Fig. 5 FUBP1 was positively correlated with the expression of HIF1a and LDHB. (@) gPCR analysis of glycolytic key enzymes genes expression,
including: Hk2, Gépdh, Fbp1, Pfk1, Pkm, Ldha, Ldhb in the SH-EP cell, followed by transfecting with plasmid overexpressing FUBP1 or with SiRNA
to knock down FUBP1 was shown. (b) Immunohistochemistry staining of LDHB on NB TMA tissue. (c) Correlation analysis of LDHB and FUBP1
expression in NB TMA tissue. (d) Statistical analysis of the histochemistry score (H-Score) of LDHB in TMA. (e) Survival of NB patients with high
expression of LDHB (H-Score 2 5) versus those with low expression of LDHB (H-Score < 5). (f) Western blot analysis of HIF1a and LDHB expression
in frozen peripheral neuroblastic tumour (pNT) tissue samples (5 NB, 5 GNB, 2 GN). 3-Actin served as a loading control. (g) The correlation analysis
of FUBP1 and HIF1a expression in NB frozen tissues. (h) Western blot analysis of HIF1a and LDHB expression in NB cells and normal control cells.
B-Actin served as a loading control. Error bars represent the standard deviation (SD); one asterisk, p < 0.05; asterisks, p < 0.001

Some genetic alterations were clinically observed, such
as MYCN amplification, ALK kinase activating muta-
tions and some chromosome arm deletions, including
1p, 11q and 14q [40], in NB patients. Meanwhile, previ-
ous studies demonstrated that CDHS5, PAFAHIBI and
NMEI1 were strongly associated with NB patient out-
come [41]. The oncoprotein N-Myc promoted cell pro-
liferation, differentiation and malignant transformation
in NB [23]. Although genomic amplification of MYCN
was the common genetic aberration consistently associ-
ated with poor prognosis and was deemed the vital
marker for tumour recurrence and malignancy in NB, it
was only detected in less than 30% of all NB cases [7]. In
the NB TMA, the percentage of N-Myc low expression
in NB tissues (n = 65) was 63.1% (Fig. 1a and c-d), sug-
gesting that other genetic alterations should be explored
to explain the phenomenon in the development of NB.
Furthermore, the NB transcriptome data from the GEO
database were analysed, and we found that FUBP1
mRNA was augmented with the rise in the International
Neuroblastoma Staging System (INSS) stage (Additional
file 1: Fig. S1D). FUBP1 is highly expressed in a variety
of tumour tissues and cell lines [10, 42, 43]. However,
the expression of FUBPI in neurogenic tumours is still
unclear, and its expression level and effect in neuroblast-
oma should be further studied. We found that there was
almost no expression of FUBP1 in GN, in which malig-
nancy was lowest and differentiation was highest. FUBP1
was commonly expressed in NB, which was the most ma-
lignant and undifferentiated NB (Fig. 1f & Additional file 1:
Fig. S1D). In the present study, we collected the follow-up
data of 70 patients and found that the survival rate of pa-
tients with high FUBP1 levels was significantly lower than
that of patients with low FUBP1 levels (Fig. 1h). These re-
sults suggest that FUBP1 plays an important role in NB and
is expected to be a prognostic marker for NB. To confirm
our theory, we are continuing to collect the remaining pa-
tient follow-up information and undertaking an ongoing
follow-up of the currently surviving patients.

In normal cells, c-Myc is induced upon growth factor
stimulation, whereas it is constitutively highly expressed
in transformed cells. Some degree of c-Myc overexpres-
sion is estimated to occur in 70% of human tumours
[44]. The oncoprotein c-Myc is known to be involved in

the regulation of aerobic glycolysis in tumour cells. Pre-
viously, evidence has demonstrated that c-Myc upregu-
lates metabolic enzymes such as HK2, PKM2 and LDHA
[45]. A recent study showed that LDHB was significantly
upregulated in diffuse large B-cell lymphoma associated
with high c-Myc expression [46], which reveals that
LDHB can be regulated by c-Myc. Interestingly, we
found that FUBP1 could upregulate LDHB, enhancing
glycolysis partially via targeting c-Myc. Likewise, N-Myc
can activate target genes to influence aerobic glycolysis
[47]. However, we found that LDHB was not regulated
by N-Myc in NB. Recent studies have demonstrated that
¢-Myc and HIFla are the two major regulators of the
Warburg effect. Moreover, the regulatory pathway of
aerobic glycolysis is interactional [29-32]. Interestingly,
our data demonstrated that c-Myc could influence ex-
pression of the glycolytic enzyme LDHB with affecting
HIFla in NB (Additional file 4: Fig. S4D).

As an important transcription factor, HIFla regulates
the expression of the key glycolytic enzymes involved in
the reaction to hypoxia, such as HK2, aldolase A, pyru-
vate kinase M, LDHA and phosphoglycerate kinase 1
[24-28], while the detailed mechanism is still unclear.
Our data showed that FUBP1 could upregulate LDHB to
enhance glycolysis via targeting HIFla, independent of
several key glycolytic enzymes previously described (Fig.
5a-f). Previous studies demonstrated that LDHA was the
prominent isoform in neuroblastoma [36]. In our study,
the data indicated that LDHA was poorly associated with
survival rate (Additional file 3: Fig. S3C). While we ana-
lyzed the relationship between LDHA levels in the
neuroblastoma which pathological histotype is NB not
GNB or GN and survival outcome of those NB patients,
the results showed that LDHA was associated with sur-
vival rate (Additional file 3: Fig. S3D). Meanwhile, previ-
ous study showed that LDHA inhibition decreases
neuroblastoma growth independent of aerobic glycolysis,
which indicated LDHA was not the important enzyme
in the metabolism of aerobic glycolysis in NB [36].
Therefore, we focus on LDHB to explain why FUBP1
could promote NB glycolysis.

Previous studies have shown that in addition to being
regulated by ambient oxygen levels, HIF1a protein levels
are also affected by a variety of other factors, such as
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Fig. 6 FUBP1 promotes LDHB expression by upregulating HIF1a. (@) SH-EP cells were infected with viruses expressing FUBP1 or with siRNA to
knock down FUBP1 for 72 h, followed by western blot analysis. 3-Actin served as a loading control. (b) SH-EP cells were infected with siRNA to
knock down HIF1a for 72 h or placed in a hypoxic incubator for one week, followed by western blot analysis. (c) SH-EP cells were infected with
siRNA to knock down FUBP1 for 72 h or followed by western blot analysis of VHL and HIF1a protein levels. (d) SH-EP cells were infected with
FUBP1-overexpressing plasmid or empty vector plasmid, Vhl promoter luciferase reporter plasmid and Renilla luciferase plasmid for 48 h, followed
by fluorescence detection. Renilla luciferase served as the transfection control. (e) The candidate FUBP1 binding site, CTTGT (underlined), is shown
in the — 1798 to — 1794 region of the Vhl promoter sequence. (f) Chip assays were performed to verify FUBP1 binding to the Vhl promoter. Lane
1: PCR product from immunoprecipitated by normal IgG; Lane 2: PCR product derived from immunoprecipitation by anti-FUBP1 antibody Lane 3:
PCR product from immunoprecipitation by anti-Histone antibody; Lane 4: PCR product from input DNA. (g) SH-EP cells were infected with FUBP1-
overexpressing plasmid or empty vector plasmid, wild-type Vhl promoter reporter (— 1833 bp~ — 1734 bp) and mutant reporter (the single T to A
substitution) for 48 h, followed by fluorescence detection. Renilla luciferase served as the transfection control. Error bars represent the standard
deviation (SD); one asterisk, p < 0.05; NS means no significant difference

Src, K-ras, MSF-A, and BRCA1 [48-50]. These factors mutations in the SDH and FH genes lead to an increase
can promote HIFla expression by reducing its degrad-  in succinic acid and a decrease in a-ketoglutarate, which
ation and activating its transcriptional activity [50]. Fur-  in turn inhibits proline hydroxylase to inhibit ubiquitina-
thermore, PTEN can downregulate HIFla protein tion of HIFla [52]. As the common HIFla-E3 ligase,
through the PI3K-AKT pathway [51]. In addition, VHL combined with HIFla subunits resulted in their
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Fig. 7 Simplified model depicting the pathway through how FUBP1 regulates NB growth
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ubiquitination and degradation under normoxic
conditions [38]. Notably, the mechanism of VHL pro-
tein-protein regulation or post-translational modification
has been clearly clarified, while the VHL transcription
factors are still unclear. In this study, we found that
FUBP1 upregulated HIFla transcriptional expression
(Additional file 6: Fig. S6A-B) and downregulated VHL
to inhibit HIF1a degradation (Fig. 6¢). Here, FUBP1 dir-
ectly bound to the promoter sequence of the VHL gene
to inhibit its expression (Fig. 6d-g, Additional file 7: Fig.
S7B). Thus, it could provide a new theoretical basis for
further study of the biological function of FUBP1 and
the regulatory mechanism of HIFla. Likewise, this mol-
ecule could be a novel diagnostic and prognostic indica-
tor for NB and other tumours regulated by HIFla.

The reasons for the abnormal increase of FUBP1 in
NB should be deserving of attention. Previous studies
have found that FUBP1 has mutations in oligodendro-
glioma, and its mutation is similar with the TP53
gene. The exon mutation is predominant [53], and 5
cases of FUBP1 mutations were detected in 30 pa-
tients [54]. We suspected that there might be a muta-
tion of FUBP1 in NB that causes it to increase
abnormally. We selected 5 NB paraffin-embedded tis-
sue samples with high levels of FUBP1, 6 NB frozen
pNT tissue samples and the 5 most malignant NB
cells to sequence exons 5-14 of the Fubpl gene. The
results showed that no possible mutation sites of
FUBP1 were found in NB tissues and cell lines (data
not shown). A previous study showed that miR-16
played a role in anti-tumour apoptosis in breast can-
cer and gastric cancer by downregulating FUBP1 [12].
Furthermore, the PI3K/AKT/mTOR pathway contrib-
uted to FUBP1 stabilization through inhibiting cas-
pase3/7 activity in hepatocellular carcinoma cells [55].
Previous studies have shown that the PI3K/AKT/
mTOR signalling cascade is overactivated in neuro-
blastoma [56]. Whether the abnormal increase in
FUBP1 is regulated by the miR-16 or PI3K/AKT/
mTOR pathway, further research is needed in the
future.

In summary, we identified a critical role of FUBP1, an-
other important oncogene in the development of NB in-
dependent of N-Myc. Abnormally elevated FUBP1
enhancing glycolysis might be the reason for the fast
growth of NB. Mechanistically, the FUBP1-HIF1la-LDHB
axis might potentially be a novel target for the diagnosis
and treatment of NB.

Conclusions

Taken together, our data demonstrated that FUBP1, an-
other important oncogene independent of N-Myc, was
upregulated and significantly correlated with poor clin-
ical survival in NB. FUBP1 could promote cell
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proliferation and inhibit apoptosis via enhancing glycoly-
sis and ATP production in NB cells. Moreover, FUBP1
was a transcription factor to regulate HIFla expression
by directly binding to VHL promoter sequence, which
increased glycolytic enzyme LDHB expression to pro-
mote glycolysis and growth of NB. FUBP1 could be a
novel therapeutic marker and target for diagnosis in NB.
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1186/513046-019-1414-6.
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analysis of the effects of overexpressing or interfering FUBP1.(F) gPCR
analysis of plasmid overexpressing FUBP1 or with siRNA to knock down
FUBP1. (G) Western blot analysis of the interfering effects of sSiRNAs.

(TIF 5709 kb)

Additional file 2: Figure S2. FUBP1 inhibited NB cell apoptosis. (A)
Flow cytometry analysis of SK-N-BE(2) cells apoptosis. (B) Statistical
analysis of apoptotic cells rate in SK-N-BE(2) cell. (C) Flow cytometry
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Western blot analysis of interfering effects of c-Myc. (E) Western blot
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