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Abstract

Background: Increasing evidence has proven that the y-secretase complex plays significant roles in the carcinogen-
esis of malignancies. However, the independent effect of nicastrin (NCSTN), the largest constituent of the y-secretase
complex, on the progression of hepatocellular carcinoma (HCC) remains to be discovered.

Methods: In our study, we used open online databases, including the Oncomine database, GEPIA and KMPlotter, to
analyse the expression of 4 genes and their correlation with prognosis in HCC. NCSTN expression in 60 HCC patients
from our centre was determined by immunohistochemical staining and gRT-PCR. The clinical and prognostic sig-
nificance of NCSTN expression were analysed statistically. Stable Sk-hep1 cell lines with NCSTN overexpression were
established using lentivirus-based vectors, and RNAi technology was used to transiently downregulate NCSTN expres-
sion in HepG2 cell lines. Cell growth and apoptosis were assessed by using EdU, clone formation, flow cytometry and
Western blotting assays.

Results: Bioinformatics analysis showed that NCSTN mRNA expression was generally higher in HCC tissues than in
normal tissues according to a meta-analysis of 9 HCC datasets, excluding PS-1, PEN-2 and APH-1. Moreover, NCSTN
was associated with a poor prognosis in HCC patients from The Cancer Genome Atlas (TCGA). Although the relation-
ship between NCSTN levels and the clinicopathological features of HCC patients was not significant, a survival analysis
of HCC patients from TCGA indicated that overall and disease-free survival were significantly associated with NCSTN
expression. NCSTN expression in HCC cell lines regulated cell growth and apoptosis in vitro. NCSTN downregulation in
HepG?2 cells inhibited tumour growth ability in vivo. In addition, NCSTN downregulation in HepG2 cell lines decreased
p-PI3Kand p-Akt expression, and IGF1, a PI3K/Akt activator, neutralized the effects on PI3K and Akt phosphorylation.
Moreover, NCSTN overexpression in Sk-hep1 cells activated the PI3K/Akt signalling pathway, and MK-2206, a PI3K/Akt
inhibitor, reversed this activation according to Western blotting analysis.

Conclusions: We suggest that NCSTN serves as an oncogene in HCC by promoting growth and inhibiting apoptosis
via the PI3K/Akt pathway, providing a potential novel therapeutic target for HCC treatment.
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curative therapies such as liver transplantation, radi-
ofrequency ablation and radioembolization are rapidly
developing and have improved early-stage HCC out-
comes [2], the overall prognosis remains unsatisfactory
because most patients are at an advanced stage when first
diagnosed. Therefore, there is an unmet need for more
effective treatments for advanced HCC. Accumulating
evidence has demonstrated that the abnormal expression
and mutation of genes are involved in the carcinogenesis
and progression of HCC [3]. In this regard, therapies tar-
geting a specific oncogenic molecule expressed in cancer
tissue are a reliable approach for treating HCC. However,
it is necessary to identify a potential therapeutic target to
improve the clinical treatment outcome of HCC patients.

The y-secretase complex (GS), composed of prese-
nilin-1 (PS-1), anterior-pharynx defective-1 (APH-1),
PSEN enhancer 2 (PEN-2) and nicastrin (NCSTN),
can regulate endocytosis, lysosomal acidification, and
autophagy [4, 5]. Dysfunction and abnormal activation
of these substrates often leads to tumourigenesis, metas-
tasis, and drug resistance in existing treatment regimens
[6]. In recent years, the y-secretase complex has been
increasingly recognized as a vital target in human malig-
nancies. NCSTN, one of the main constituents and the
gatekeeper of the y-secretase complex, modulates the
composition of this complex, maintains enzyme stabil-
ity and executes GS substrate recognition [7]. Moreover,
NCSTN has a GS-independent function in the process
of controlling cell death through the Akt pathway [8].
Consistent with the biological correlation of NCSTN in
malignant diseases, studies have shown that NCSTN is
upregulated in patients with colon cancer who under-
went chemotherapy [9] and that stable knockdown of
NCSTN enhances the antitumour effect of EGFR inhibi-
tors by blocking the Notch and Akt signalling path-
ways [10]. Intriguingly, several studies have proven
that genome-wide liver carcinoma screening identified
NCSTN as one of the 50 potential driver genes [11], and
NCSTN is abnormally upregulated and frequently ampli-
fied in liver cancer [12]. However, the precise relationship
between NCSTN expression and HCC prognosis remains
unknown. Together, these aforementioned studies
prompted us to explore the unequivocal role of NCSTN
in HCC progression and to confirm whether NCSTN
could be a novel therapeutic target against HCC.

In this study, we hypothesized that NCSTN could acti-
vate the PI3K/Akt pathway to promote cell proliferation
and inhibit cell apoptosis in HCC. To test this hypothesis,
we used bioinformatics analyses to analyse the underly-
ing function of NCSTN in malignant tumours. Gain-of-
function and loss-of-function studies were utilized to
validate the effects of NCSTN expression modulation
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in vitro and in vivo. Our work may be useful for develop-
ing a new therapeutic target for HCC.

Methods

Cell lines and culture

Seven HCC cell lines (Huh-7, Hep-3B, HepG2, PLC/
PRF/5, Sk-hepl, 97H and SMMC-7721) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Gibco
BRL, Grand Island, NY, USA) supplemented with 10%
foetal bovine serum (FBS; Sijiging, Zhejiang, P. R. China),
100 U/ml penicillin and 100 U/ml streptomycin. The
HepG2, 97H, Sk-hepl, and SMMC-7721 cell lines were
purchased from the American Type Culture Collection
(Manassas, VA, USA). Huh-7, Hep-3B, and PLC/PREF/5
cell lines were purchased from the Cell Bank of the Chi-
nese Academy of Sciences (Shanghai, P. R. China). All
cells were maintained in a humidified chamber with 5%
CO2at 37 °C.

Cell transfection

Three short hairpin (sh) RNAs targeting the CDS of
human NCSTN mRNA were cloned into a lentiviral
vector (PLKO.1), and the NCSTN open reading frame
was cloned into a lentiviral vector (GENEray, Shanghai,
China). HepG2 cells were first transfected with shNC-
STN 1, shNCSTN 2 and shNCSTN 3 (40 nM) using
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scien-
tific, Inc.) and were then infected with a lentivirus deliv-
ering shNCSTN 1 (sequence: CCGGGAGCATGCTAA
AGCCTATAAACTCGAGTTTATAGGCTTTAGCAT
GCTCTTTTTG). A control plasmid (shNC) was used
as a negative control. Meanwhile, lentiviruses carrying
vector-NC or vector-NCSTN were produced from 293T
cells and used to infect Sk-hepl cells. After 72 h of len-
tiviral infection, puromycin (2 pg/ml) was used to select
cells with stable NCSTN expression for 2 weeks. Selec-
tive NCSTN silencing in HepG2 cells and stable NCSTN
expression in Sk-hepl cells were detected by qRT-PCR
and Western blotting analysis.

Reagents and antibodies

Primary antibodies for proliferating cell nuclear anti-
gen (PCNA) (#13110), p/t-PI3K (#4228/#4292), p/t-Akt
(#4060/#4691), Bax/Bcl-2 (#5023/#4223), and caspase 3/
cleaved caspase 3 (#9665) were purchased from Cell Sign-
aling Technology (Danvers, MA, USA). An anti-NCSTN
antibody (#14071-1-AP) was purchased from Protein-
tech (Chicago, USA). Antibodies against glyceraldehyde
3-phosphate dehydrogenase (GAPDH; #CW0100) and
horseradish peroxidase (HRP)-labelled anti-rabbit sec-
ondary antibodies (#CW0102/#CW0103) were obtained
from CWBIO (Beijing, P. R. China). MK-2206 (#SF2712)
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and recombinant human IGF-1 (#P5502) were purchased
from Beyotime (Shanghai, China).

Real-time polymerase chain reaction (QRT-PCR)

Total RNA was isolated from cells using TRIzol® rea-
gent (#15596-018; Invitrogen). Reverse transcription was
performed using a PrimeScript RT reagent kit (#RR037;
Takara) according to the manufacturer’s instructions.
qRT-PCR was performed to evaluate NCSTN expression
in different cell lines using the primers shown in Table 1.
Relative gene expression levels were calculated using
the comparative Ct (AACt) method, where the relative
expression was calculated as 2-AACt, with Ct represent-
ing the threshold cycle.

Immunohistochemistry (IHC)

After fixing with 4% formalin and embedding in par-
affin wax, tissues were cut into 5-pm sections using a
microtome. The sections were deparaffinized in xylene
and rehydrated with graded concentrations of alco-
hol. Subsequently, the slides were treated with 3% H,O,
to block endogenous peroxidase activity, and anti-
gen retrieval was performed by boiling in 1 mM EDTA
(pH 8.0) for 10 to 15 min. To reduce nonspecific bind-
ing, 10% normal goat serum was applied. Then, the
slides were incubated with a primary rabbit anti-human
NCSTN antibody at 4 °C overnight. After washing with
PBS, the sections were incubated with rabbit conjugate
(#GK500705; Dako Corporation, Carpinteria, CA, USA)
for approximately 1 h at 37 °C. The colour reaction was
performed with DAB-positive substrate, and the slides
were counterstained with haematoxylin. The staining

Table 1 Primer sequences and their product lengths
in qRT-PCR

Gene Primer Primer sequences Length
of product
(bp)
PS-1 Forward ~ GACGACCCCAGGGTAACTC 151
Reverse ACTGACTTAATGGTAGCCACGA
PEN-2 Forward ~ CTGGAGCGAGTGTCCAATGAG 171
Reverse GCGCCAGACATAGCCTTTGAT
APH-1 Forward  TTTTTCGGCTGCACTTTCGTC 96
Reverse  TGCGACCAGGATGATAACGC
NCSTN Forward  AATAAAACAGCTCCCTGTGTTCG 95
Reverse ACTACGTGGATAACCCCTGTG
GAPDH  Forward =~ GGAGCGAGATCCCTCCAAAAT 197
Reverse GGCTGTTGTCATACTTCTCATGG
U6 Forward ~ CTCGCTTCGGCAGCACA 94
Reverse AACGCTTCACGAATTTGCGT

PS-1 presenilin-1, APH-1 anterior-pharynx defective-1, PEN-2 PSEN enhancer 2,
NCSTN nicastrin, U6 U6 small nuclear 1 (RNU6-1)
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intensity was classified into 4 grades: 0 (negative), 1
(weak), 2 (moderate), or 3 (strong). The percentage of
NCSTN-positive cells was scored as 0 (0%), 1 (1-10%),
2 (11-50%), 3 (51-80%) and 4 (81-100%). The overall
score was calculated using the following formula: overall
score =intensity score x percentage score. Total scores of
0-4, 5-8, and 9-12 were defined as weak positive, mod-
erate positive, and strong positive, respectively [13].

Patients and specimens

HCC specimens and adjacent normal tissues were col-
lected from 60 HCC patients at Sun Yat-sen Memorial
Hospital of Sun Yat-sen University (Guangzhou, China)
from 2016 to 2019. The specimens were immediately fro-
zen in liquid nitrogen after resection from HCC patients
and then stored at —80 °C. The clinical characteristics
of the HCC patients involved in the study are shown in
Additional file 1: Table S2. The study was approved by
the Ethics Committee of Sun Yat-sen Memorial Hospi-
tal. All patients provided informed consent for all treat-
ments performed and to have their data used for research
purposes.

Western blotting analysis

To examine protein expression after shARNA and vector-
NCSTN lentiviral transfection, HepG2 and Sk-hep1 cells
were collected. Total protein was extracted from cells
lysed with RIPA lysis buffer (#CW2333; CWBIO), phos-
phatase inhibitors (#04906845001; Roche) and protease
inhibitors (#05892791001; Roche). Cells were lysed in 4x
SDS sample buffer. Protein samples were then separated
by SDS-PAGE (#P0012A; Beyotime) and transferred to
polyvinylidene difluoride membranes (#ISEQ 00010;
Millipore, Billerica, MA, USA). After blocking with
5% bovine serum albumin (BSA), the membranes were
exposed to antibodies against NCSTN, PCNA, p/t-PI3K,
p/t-Akt, Bax/Bcl-2, caspase 3/cleaved caspase 3, and
GAPDH with continuous agitation overnight at 4 °C, fol-
lowed by incubation with an anti-rabbit HRP-linked sec-
ondary antibody at room temperature for 1 h. The bands
were visualized using an enhanced chemiluminescence
detection kit (#WBKLS0500; Millipore).

Cell viability assay

HepG2 cells were first transfected with shNCSTN 1,
shNCSTN 2 and shNCSTN 3 (40 nM) using Lipo-
fectamine 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) Then, HepG2 cells were seeded into a 96-well plate
at densities of approximately 1 x 10* and 0.5 x 10* cells/
well. Next, the cells were cultured with medium contain-
ing 10% FBS for 48 h. Following the manufacturer’s pro-
tocol, a Cell Counting Kit-8 (CCK-8; #C0040; Beyotime)
assay was utilized to quantify the viable cells. Absorbance
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(450 nm) was measured using a microplate reader
(Dynex, Chantilly, VA, USA), and the absorbance value
obtained from the responding control group was normal-
ized as 100%.

EdU assay

Cells were seeded in serum-free media 6 h prior to treat-
ment to allow for cell cycle synchronization. After 48
h of shRNA interference or vector-NCSTN plasmid
transfection, the cells were pulsed with 5-ethynyl-2'-
deoxyuridine (BeyoClickTM EdU Cell Proliferation Kit
with Alexa Fluor 488; #C0071; Beyotime) for 2 h before
fixation in 4% paraformaldehyde (PFA) for 15 min and
subsequent EdU detection per the manufacturer’s proto-
col. The results were imaged under an inverted fluores-
cence microscope. Quantification of EdAUT HCC cells was
carried out using Adobe Photoshop CC 2018. The per-
centage of EQU™ cells for each field of view captured was
recorded and analysed.

Flow cytometry

Cells treated under different conditions for 48 h were
detached from 6-well culture plates, washed twice with
PBS, and pelleted by centrifugation at 1000 rpm for 5
min. The cell pellets were resuspended in binding buffer
with Annexin V-FITC (AV) and propidium iodide (PI).
The apoptosis rate was measured by flow cytometry.

Colony formation assay

The effect of NCSTN knockdown on the colony-forming
ability of HepG2 and NCSTN-overexpressing Sk-hepl
cells was analysed by colony formation assay. The infected
cells were seeded into 6-well plates at a concentration of
400 cells per well. After incubation for 7 days, most single
colonies contained more than 50 cells. The adherent cells
were washed twice with PBS and then stained with crys-
tal violet. Finally, the cells were rinsed with water, and
pictures were taken.

The cancer genome atlas (TCGA) database

The TCGA database contains gene information from
large-scale genomic sequencing. Data including the gene
expression profiles and clinical information of HCC
patients were retrieved from the Genomic Data Com-
mons Data Portal within the TCGA data portal (https://
portal.gdc.cancer.gov/). The clinical information is shown
in Additional file 2: Table S1, and the prognosis associ-
ated with NCSTN was calculated by several online data-
bases, such as Oncomine (https://www.oncomine.org)
[14], GEPIA (http://gepia.cancer-pku.cn) [15], KMPlot-
ter (http://www.kmplot.com), CBioPortal (https://www.
cbioportal.org) [16, 17], gene set enrichment analysis
(GSEA) software [18] and String (https://string-db.org)
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[19], to obtain a more comprehensive understanding of
the y-secretase complex.

Animal experiments

Female BALB/c nude mice, 4-7 weeks old, were pur-
chased from the Laboratory Animal Center of Sun Yat-
sen University (Guangzhou, China). The mice were
maintained in a specific pathogen-free environment
with laminar air-flow conditions at 22-25 °C. All animals
had free access to standard laboratory mouse food and
water. Animal experiments were approved by the Bioeth-
ics Committee of Sun Yat-sen University and were per-
formed according to the established guidelines.

Xenograft tumour growth

A total of 1x10” HepG2 cells were suspended in
100 pL serum-free DMEM and injected subcutane-
ously into the nude mice. The mice were then rand-
omized into two groups (n=3/group). The tumour
volume was estimated based upon the following formula:
V=(L*W*W)/2, where “L” and “W” represent the larger
and smaller dimensions obtained from each measure-
ment, respectively. The nude mice were sacrificed after 1
month, and the solid tumours were weighed and fixed in
formaldehyde.

Statistical analysis

All data are represented as the mean+SD from three
independent experiments. The median expression level
of NCSTN was used as the cutoft for the high NCSTN
group and the low NCSTN group. Student’s ¢ test was
performed for statistical analysis, and P<0.05 was con-
sidered significant.

Results

Bioinformatics analysis indicated that NCSTN was pivotal

in promoting HCC progression

We tried to determine whether NCSTN was the key gene
in the progression of HCC patients by using bioinformat-
ics analysis. As shown in Fig. 1a, a meta-analysis of 9 HCC
datasets vividly showed that only NCSTN expression was
higher in tumour specimens than in normal liver tissues
over 9 datasets. However, only 7 datasets showed that
APH-1 expression was slightly higher in tumour speci-
mens. Moreover, 1 dataset revealed that PEN-2 expres-
sion was higher in tumour specimens, while 3 datasets
showed that PS-1 had similar results. Moreover, these
results were further confirmed in GEPIA, another online
visualization site based on TCGA and GTEx data. The
box plots shown in Fig. 1b reveal that NCSTN expres-
sion was markedly higher in liver hepatocellular carci-
noma (LIHC) (P<0.01). However, the other 3 members
of the y-secretase complex, excluding NCSTN, showed
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no obvious significance when comparing their expression
between HCC and normal liver tissues (Fig. 1b). Impor-
tantly, the overall survival (OS) and disease-free survival
(DES) curves of LIHC patients with high or low NCSTN
expression are shown in Fig. 1c. The results showed that
not only the OS rate but also the DFS rate was signifi-
cantly lower for patients with high NCSTN expression
than for patients with low NCSTN expression. Further-
more, high NCSTN expression, but not the other 3 genes
of the y-secretase complex, indicated poor prognosis in
364 TCGA HCC patients, as analysed in the open online
database KMPlotter (Fig. 1c). For genetic alterations, the
CBioPortal database was used to analyse the changes in
these four members using the mutation and CNA data of
TCGA-LIHC patients. As shown in Fig. 1d, NCSTN was
altered the most (13%), and the main type was amplifi-
cation. In summary, bioinformatics analysis showed that
high NCSTN expression represented a poor prognosis
and may exert some underlying functions as an onco-
gene, independent of the y-secretase complex.

The NCSTN expression and prognosis of 60 HCC patients

in our centre were significantly related

To analyse the mRNA expression levels of NCSTN in 60
HCC patients, we analysed matched tumour and nor-
mal tissues by using qRT-PCR. Overall, NCSTN expres-
sion was significantly upregulated in HCC. Compared
with the normal tissues, 53 (88.3%) HCC patient tis-
sues were characterized by higher NCSTN expression
(Fig. 2a). Consistent with the bioinformatics analysis
results, only 32 (53%) patients had high PS-1 expression,
38 (63.3%) patients had high PEN-2 expression, and 35
(58.3%) patients had high APH-1 expression (Additional
file 3: Figure S1). In addition, by calculating the OS and
DES curves, we found that high NCSTN expression was
related to poor prognosis in HCC patients (Fig. 2b, c).
On the other hand, the IHC results of 60 HCC patients
further confirmed that NCSTN expression was higher
in tumour specimens than in matched normal tissues
(Fig. 2d, e). Taken together, these results showed that
high NCSTN expression was correlated with poor prog-
nosis in HCC patients.
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Oncogenic function validated by NCSTN upregulation

in Sk-hep1 cells and NCSTN downregulation in HepG2 cells
To confirm the lowest and highest expression levels of
NCSTN in 7 different HCC cell lines, we used Western
blotting and qRT-PCR to detect the protein and mRNA
expression levels of NCSTN, respectively. Figure 3a
shows that NCSTN protein expression was lowest in Sk-
hep1 cells and highest in HepG2 cells among the 7 HCC
cell lines. Similar results were obtained from qRT-PCR
(Fig. 3b). However, not all mRNA and protein expres-
sion levels were consistent among the 7 HCC cell lines.
We found that Sk-hepl cells expressed lower NCSTN
than the other 6 cell lines, while HepG2 cells expressed
higher NCSTN than the other cells (Fig. 3b). To deter-
mine the most efficient RNAi sequence in HepG2 cells,
we measured NCSTN mRNA expression after knock-
ing down the NCSTN gene with 3 different shRNA
sequences (Fig. 3c). This result showed that all 3 shRNA
sequences could knock down NCSTN mRNA expression,
but shANCSTN 1 dramatically inhibited NCSTN expres-
sion in HepG2 cells. We also conducted a cell growth
experiment to estimate which shRNA sequences could
affect HCC cell viability. As shown in Fig. 3d, saINCSTN
1 could reduce many more viable cells than the other two
shRNA sequences. To further verify the knockdown effi-
ciency of sSANCSTN 1, we measured the protein expres-
sion level of NCSTN using Western blotting (Fig. 3e). The
shNCSTN 1 sequence markedly downregulated NCSTN
protein expression in HepG2 cells. Thus, these results
suggested that the RNAI efficiency was adequate. On the
other hand, for gain-of-function analyses, we overex-
pressed NCSTN in Sk-hepl cells, which have relatively
low NCSTN expression. The NCSTN expression level
was significantly increased in NCSTN-transfected Sk-
hepl1 cells, as assessed by qRT-PCR and Western blotting
(Fig. 3¢, e).

NCSTN downregulation inhibited HepG2 cell proliferation,
and NCSTN-transfected Sk-hep1 cells showed higher
proliferative ability

Provided that the correlation between NCSTN and cell
proliferation was ambiguous, Western blotting analysis

(See figure on next page.)

Fig. 1 NCSTN is highly upregulated in hepatocellular carcinoma. a Meta-analysis of NCSTN, APH-1, PEN-2 and PS-1 in hepatocellular carcinoma
based on the Oncomine database (http://www.oncomine.org). Nine databases comparing hepatocellular carcinoma tissues with corresponding
normal tissues were used. The colour of the square represents the different levels of NCSTN expression. Red indicates overexpression in
hepatocellular carcinoma, while blue indicates low expression. b Boxplot for NCSTN, APH-1, PEN-2 and PS-1 expression in HCC. The red and grey
boxes represent liver tumour and normal tissues, respectively. The y-axis indicates the log2-transformed gene expression level. The data were
obtained from TCGA through GEPIA (http://gepia.cancer-pku.cn). ¢ High NCSTN expression in HCC indicated a poor prognosis. Overall survival
and disease-free survival of HCC patients with high or low NCSTN expression in TCGA determined by GEPIA. Kaplan-Meier plots for NCSTN, APH-1,
PEN-2 and PS-1 were generated by Kaplan—-Meier Plotter (http://www.kmplot.com). d A visual summary displaying the genetic alteration of
y-secretase compounds in TCGA-LIHC patients, retrieved from the CBioPortal database (https://www.cbioportal.org)
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was adopted to identify PCNA expression. As shown
in Fig. 4a, after NCSTN silencing in HepG2 cells, the
shNCSTN 1 group exhibited markedly decreased
PCNA expression compared with the shNC group.
This result indicated that NCSTN knockdown had
an inhibitory effect on PCNA, which could promote
the process of leading strand synthesis during DNA
replication. Since NCSTN expression was related to
PCNA expression, we then determined proliferation
in HepG2 cells with NCSTN knockdown by using EAU

thymidine analogue incorporation and clone formation
assays (Fig. 4b, c). Consistent with the Western blotting
results, the EdU-positive cell ratio was much lower in
the sANCSTN 1 group than in the other groups, and
the number of colonies was lower in the sSaINCSTN 1
group than in the shNC group.

On the other hand, relatively contrary results were
obtained in the gain-of-function assay. These data sug-
gested that NCSTN regulated proliferation in both
HepG2 and Sk-hepl cells.
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NCSTN expression affected apoptosis in both HepG2

and Sk-hep1 cells

Based on the GSEA results for TCGA data, we found
that 54 signalling pathways, including cancer-related
pathways and apoptosis pathways (Fig. 5a, b), were
enriched in the high NCSTN expression group (Addi-
tional file 4: Table S3). Considering the significance
of NCSTN in regulating cell proliferation, we further
investigated the antiapoptotic effect of NCSTN. West-
ern blotting analysis revealed that the protein expres-
sion of cleaved caspase 3 and Bax was upregulated,
while caspase 3 and Bcl-2 were downregulated in the
shNCSTN 1 group. Comparably, cleaved caspase 3
and Bax were downregulated, and caspase 3 and Bcl-2
were upregulated the vector-NCSTN group (Fig. 5d,
e). Moreover, Annexin V staining and flow cytometry
were used to further study whether NCSTN and apop-
tosis were strongly related. As shown in Fig. 5c, the
rate of apoptotic HCC cells in the shNCSTN 1 group
was significantly different from that in the control
group. A much higher early apoptosis rate appeared
in the vector-NC group than in the vector-NCSTN
group. Therefore, we concluded that HCC cell line
apoptosis was strongly related to NCSTN expression.

NCSTN regulated cell proliferation and apoptosis

through the PI3K/Akt pathway

In general, most oncogenes promote cancer progres-
sion via specific signalling pathways. As exhibited
in Fig. 6a, KEGG results for GSEA contained two
PI3K-related pathways: “INOSITOL_PHOSPHATE_
METABOLISM” and “PHOSPHATIDYLINOSITOL_
SIGNALING_SYSTEM”. PIK3CA, PIK3R1l, PIK3CB
and AKT?2 all participated in the “PATHWAYS_IN_
CANCER” exhibited in the PPI network (Fig. 6b,
Additional file 5: Table S4). Therefore, we further
investigated the phosphorylation levels of PI3K and
Akt in HCC cell lines treated with specific NCSTN-
targeting shRNAs or NCSTN plasmids. As a result,
p-PI3K and p-Akt levels were markedly decreased in
the sSANCSTN 1 group compared with the shNC group,
while IGF1, an agonist of the PI3K/Akt pathway,
reversed the effect that resulted from knocking down
NCSTN. On the other hand, NCSTN overexpression
significantly increased the phosphorylation levels of
PI3K and Akt. MK-2206, an inhibitor of the PI3K/Akt
pathway, suppressed the high expression of p-PI3K and
p-Akt caused by upregulating NCSTN in Sk-hep1 cells
(Fig. 6¢). Therefore, we found that NCSTN might acti-
vate the PI3K/Akt pathway to regulate cell prolifera-
tion and inhibit apoptosis in HCC.
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Lentivirus-mediated NCSTN silencing in HepG2 cells
inhibited tumour proliferation in vivo

Evidence from the cell lines and human tissues men-
tioned above indicated that NCSTN is implicated in
HCC tumourigenesis. To further confirm the hepatocar-
cinogenesis of NCSTN in vivo, xenograft tumour mouse
models were injected with HepG2 cells. Compared with
that in the shNC group treated with vector-NC plasmid,
tumour growth in the group treated with vector-NCSTN
plasmid was significantly inhibited (Fig. 7a, b). In addi-
tion, the tumour weight in the shNCSTN group was
57.01% of that of the shNC group at the end of the study
(Fig. 7c). In summary, we concluded that NCSTN also
possessed antitumour effects in vivo.

Discussion

In our present study, we found that NCSTN promotes
cell growth and negatively regulates apoptosis via the
PI3K/Akt signalling pathway. Indeed, 53 out of 60 HCC
patients in our centre had higher NCSTN expression in
tumour specimens than in paired normal tissues. Fur-
thermore, by regulating the PI3K/Akt pathway, NCSTN
depletion in HepG2 cells and NCSTN overexpression in
Sk-hep1 cells both had obviously different effects on cell
proliferation and antiapoptosis processes, hallmarks of
carcinogenesis and programmed cell death.

Previous studies have shown that the y-secretase com-
plex, comprised of PS-1, APH-1, PEN-2 and NCSTN, is
recognized as a therapeutic option for treating HCC [10,
20-22]. However, inhibitors of the y-secretase complex
are well known to have serious adverse effects, as they are
not cell selective or system specific [23]. Targeted therapy
strategies have been developed and are now widely used
in clinics. To date, several monoclonal antibodies against
NCSTN have been developed and have shown great effi-
cacy in inhibiting cancer cell proliferation in vitro and
in vivo [23]. However, whether NCSTN monoclonal anti-
bodies could effectively act on liver cancer cells remains
unclear. Therefore, it is pivotal to determine the specific
function of NCSTN in HCC.

NCSTN, the largest constituent of the y-secretase com-
plex [24], has a single transmembrane domain and a large
extracellular domain with functional regions [8]. Intrigu-
ingly, it has been reported that NCSTN could exert its
function alone rather than participate in the y-secretase
complex in mouse muscle [25], which indicates that
NCSTN is likely to exert some functions independently.
Similarly, in light of our bioinformatics analysis results,
we found that NCSTN is overexpressed in HCC over 9
microarray datasets from the Oncomine database. How-
ever, the expression levels of PS-1, APH-1 and PEN-2 are
slightly higher in HCC tissues than in normal tissues in
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only several microarray datasets. According to the anal-
ysis of TCGA data with GEPIA, we further confirmed
that the mRNA expression of PS-1, APH-1 and PEN-2 in
HCC patients from TCGA was not significantly different
between tumour specimens and normal tissue specimens.
On the other hand, we also found that among TCGA data
for HCC patients analysed by KMPlotter, only NCSTN
expression was closely related to survival time, not PS-1,
APH-1 and PEN-2. We also found that NCSTN was
altered most among these four genes in TCGA-LIHC
patients according to the corresponding CNV and muta-
tion data analysed by the CBioPortal database. Together,

we hypothesized that the tumourigenesis of NCSTN can
also play a role without the involvement of other mem-
bers of the y-secretase complex. The bioinformatics
analysis results prompted us to explore the independent
function of NCSTN in HCC patients.

Next, we investigated the mRNA and protein expression
of NCSTN in patients at our centre by using qRT-PCR and
IHC staining. The IHC score results for 60 HCC patients
showed high degrees of consistency with those obtained
from qRT-PCR. It turned out that high NCSTN expres-
sion and poor prognosis are closely related. Likewise, Lee
et al. [12] also identified NCSTN as an oncogene that is
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upregulated and frequently amplified in human HCC.
In all, although its correlation with the clinicopathologi-
cal features of HCC patients failed to have great signifi-
cance for both TCGA data (Additional file 2: Table S1) and
60 patients from our centre (Additional file 1: Table S2),
NCSTN expression was closely related to the clinical prog-
nosis of HCC patients. These observations led us to test
the role of NCSTN in tumour cell proliferation and apop-
tosis. Therefore, we analysed the impact of NCSTN inhibi-
tion in HepG2 cells using transient shRNA oligos targeting
NCSTN mRNA and NCSTN overexpression in Sk-hepl
cells using an NCSTN plasmid.

Other than its requirement for the y-secretase complex,
NCSTN is likely to regulate cell death through the PI3K/
Akt and P53/caspase3 pathways in fibroblasts, human
cells and neurons [26]. Furthermore, Lombardo et al. [6]
reported that NCSTN regulates Akt activation in breast
cancer cells and that NCSTN inhibition in malignant breast
cells can inhibit breast tumour formation in vivo. Stud-
ies have also demonstrated that anti-NCSTN monoclonal
antibodies exert antitumour effects in invasive breast can-
cer cells [8]. Notably, these results are consistent with not
only the KEGG pathway results for GSEA based on TCGA
data but also our observation that NCSTN depletion could
induce apoptosis and reduce proliferation in HCC cell
lines, partly through the PI3K/Akt pathway.

However, these conclusions are based on the responses of
only 2 HCC cell lines and several nude mice, so they might
not reflect the process of intact organisms in the human
body. The precise oncogenic mechanism of NCSTN needs
to be further elucidated in detail.

Conclusions

Collectively, our findings support the hypothesis that
NCSTN modulates proliferation and apoptosis through
the PI3K/Akt pathway, thereby causing tumourigenesis in
HCC. Our present work provides a better understanding

of the potentially oncogenic mechanism of NCSTN in sil-
ico, in vitro and in vivo. We proposed that NCSTN, inde-
pendent of the GS complex, may be a promising target
for HCC treatment development.
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