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RBPJ inhibition impairs the growth of lung cancer
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Abstract The exact effects of the modulation of Notch sig-
naling pathway on cell growth have been shown to depend on
tumor cell type. Recombination signal-binding protein Jk
(RBPJ) is a key transcription factor downstream of receptor
activation in Notch signaling pathway. Here, we evaluated the
effects of RBPJ inhibition on the growth of lung cancer cells.
We found that a short hairpin interfering RNA (shRNA) for
RBPIJ efficiently inhibited RBPJ expression in lung cancer
cells, resulting in a significant decrease in the cell growth.
Further analyses showed that RBPJ inhibition altered the
levels of its downstream targets, including p21, p27, CDK2,
Hes1, Bcl-2, and SKP2, to prevent the cells from growing.
Our data thus suggest that shRNA intervention of RBPJ ex-
pression could be a promising therapeutic approach for
treating human lung cancer.

Keywords RBPJ - Cancer growth - Lung cancer - Notch
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Introduction

Lung cancer is a commonly occurred malignant cancer in
humans [1-3]. Most types of lung cancer are insensitive to
both chemotherapy and radiation therapy and are often highly
invasive [1-3]. Hence, development of novel therapeutic
treatments for lung cancer is highly urgent, which may sub-
stantially improve the patients’ 5-year survival ratio [4—6].
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The Notch pathway has been shown to upregulate in many
cases of lung cancer, which suggests a role of this pathway in
the tumorigenesis of lung cancer. Notch signaling pathway is
highly conserved in evolution and plays important roles during
development, in which Notch signals regulate various physio-
logical processes, including maintenance of stem cells, cell fate
decisions, proliferation, differentiation, and apoptosis [7, 8].

Recombination signal-binding protein Jk (RBPJ) is a DNA-
binding protein from CSL family of transcription factors [9].
RBPJ recognizes a consensus sequence C(T)GTGGGAA on
RBPJ-binding sites from a number of factors [9]. Importantly,
RBPJ also mediates signals from Notch receptors [10, 11]. In
the absence of Notch signals, RBPJ is associated with some
corepressors that repress Notch transcription. After ligand bind-
ing, Notch signaling is initiated by y-secretase-mediated pro-
teolytic cleavage and liberation of the Notch intracellular do-
main (NICD). NICD subsequently translocates into the nucleus
to displace corepressors from RBPJ, which allows for the re-
cruitment of coactivators to bind with RBPJ to thereby induce
the activation of target genes like hairy and enhancer of
split 1 (Hes-1), cyclin-dependent kinase 2 (CDK2), B-cell
CLL/lymphoma 2 (Bcl-2), ubiquitin ligase complex SCFSKP2
(SKP2), p21, and p27 [10-17]. p21 is a cyclin-dependent ki-
nase inhibitor, and it functions through binding to and inhibiting
the activity of cyclin-CDK2, -CDK 1, and -CDK4/6 complexes
to prevent cycle progression at G1 and S phase. In addition to
cell-growth arrest, p21 can mediate cellular senescence. p27 is
another cyclin-dependent kinase inhibitor that in humans is
encoded by the CDKNI1B gene. p27 binds to and prevents the
activation of cyclin E-CDK2 or cyclin D-CDK4 complexes and
thus controls the cell cycle progression at G1 [18, 19].

RBP]J has been shown to play a role in the tumorigenesis of
lung cancers [20-23]. A recent study reported that knockdown
of RBPJ expression by RNA interference (RNAi) inhibited
both the anchorage-independent growth of rhabdomyosarco-
ma cells and the outgrowth of xenografts in vivo [24],
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suggesting that transcriptional modulation of RBPJ may be a
potentially effective therapy for cancers.

Here, we evaluated the regulation of lung cancer cells by
RBPJ depletion. We used a short hairpin RNA (shRNA) to
efficiently inhibit RBPJ expression in lung cancer cells, which
significantly decreased the cancer cell growth. Further analy-
ses showed that RBPJ inhibition altered the levels of its down-
stream targets, including p21, p27, CDK2, Hesl, Bcl-2, and
SKP2, to prevent the cells from growing.

Materials and methods
Cell culture

HEK293T cells and human lung cancer cell lines A549 (origin
from carcinoma), SK-LU-1 (origin from adenocarcinoma),
and NCI-H23 (origin from non-small cell lung cancer) were
all purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA). These three cell lines were used in the
current study, since they represent different types of lung can-
cer. Three cell lines were all cultured in DMEM (Invitrogen,
Carlsbad, CA, USA) supplemented with 10 % fetal bovine
serum (Invitrogen) and 1 % penicillin and streptomycin in a
5 % CO, humidified cell-culture incubator at 37 °C.

RT-gPCR

Total RNA was extracted from cultured cells with RNeasy kit
(Qiagen, Hilden, Germany). cDNA was synthesized from
1 pg of total RNA using a reverse transcription kit (Qiagen)
and purified with the QIAquick PCR Purification Kit
(Qiagen). Quantitative PCR (RT-qPCR) was performed in du-
plicates with QuantiTect SYBR Green PCR Kit (Qiagen) with
a LightCycler 1.5 Real-time PCR machine (Roche, Indianap-
olis, IN, USA). Primers that were designed to amplify the
fragments cross exons are as follows: RBPJ (132 bp), forward
primer 5-CGCATTATTGGATGCAGATG-3' and reverse
primer 5-CAGGAAGCGCCATCATTTAT-3" and «-tubulin
(125 bp), forward primer 5'-CCAAGCTGGAGTTCTCTA-
3', reverse primer 5'-CAGAGTGCTCCAGG-3'. Values of
RBPJ were first normalized against o«-tubulin and then com-
pared with controls.

Preparation of RBPJ-shRNAs

The coding sequence of RBPJ was amplified with forward
primer 5-GGAAGATGGCGCCTGTTGTGACAG-3' and re-
verse primer 5'-GTTATCTCGAGTCAAGCGTAGTCTGG
GACGGTATGGGTAGGACACCACGGTTGCTGTG-3".
The underlined sequence represents a HA tag. The amplicons
were digested with Xhol and BamHI and subcloned into a
pcDNA3.1 expression vector (Invitrogen), resulting in a
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construct named pcDNA-RBPJ. Short hairpin interfering
RNAs (shRNAs) targeting RBPJ mRNA (NM_005349.3)
were designed according to the Dharmacon siDESIGN Center
database. Five shRNAs that target the RBPJ coding region
were selected based on the ranking criteria of Reynolds [25].
All the shRNAs were cloned into pLKO.1 vector (Sigma-Al-
drich, St. Louis, MO, USA), with pLKO.1 itself (with a
scrambled shRNA) used as the mock control.

Transfection

HEK293T cells were seeded in six-well plates in complete
media 1 day prior to transfection. To generate the recombi-
nant, the HEK293T packaging cells were transfected with 5—
8 ug pVSV-G (Clontech, Mountain View, CA, USA) and
15 pg of recombinant vectors using Lipofectamine-2000
(Invitrogen), according to the manufacturer’s instruction.
The transfected cells were then harvested, and whole cell ly-
sates were extracted for Western blot using an anti-RBPJ an-
tibody (Abcam, Cambridge, MA, USA).

Generation of RBPJ knockdown stable clones of lung cancer
cells

To generate RBPJ-shRNA lentiviral particles, HEK293T cells
were seeded in a 100-mm dish at 50,000 cells/em? and co-
transfected with 10 pg of RBPJ-shRNA and 5 pg each of
packaging plasmids (REV, pMDL, and VSV-G) using
Lipofectamine-2000 (Invitrogen). The supernatant containing
lentiviral particles was collected 48 h after transfection and
filtered through a 0.45-um syringe filter. Target lung cancer
cells were seeded in 100-mm plates at 15,000 cells/cm” 1 day
prior to lentiviral infection. The lentiviral particles were added
along with 10 pg/ml polybrene (Sigma-Aldrich) to the cell
culture for 24 h. Then, the cells were washed twice with com-
plete media and cultured in the presence of puromycin to
select the transduced cells.

Western blot analyses

Proteins were extracted in a solution of RIPA and Protease
Inhibitor Cocktail (Thermo Scientific, Waltham, MA, USA)
from HEK293T cells or lung cancer cells and subjected to
SDS-PAGE. Quantification of total protein was carried out
using BCA kit (Sigma-Aldrich). The proteins (100 pg) were
subjected to 12 % SDS-PAGE. Separated proteins were elec-
trophoretically transferred to a nitrocellulose membrane (Bio-
Rad, Hercules, CA, USA) and immune-blotted with monoclo-
nal mouse anti-human RBPJ (Abcam), polyclonal rabbit anti-
human p21 (Abcam), polyclonal rabbit anti-human p27
(Abcam), polyclonal rabbit anti-human Hes1 (Abcam), poly-
clonal rabbit anti-human SKP2 (Cell Signaling, San Jose, CA,
USA), or polyclonal rabbit anti-human «-tubulin (Cell
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Signaling) antibodies. a-tubulin was used as a protein loading
control. The secondary antibody is HRP-conjugated anti-rab-
bit (Jackson Labs, Bar Harbor, ME, USA). Images shown in
the figure were representative from five repeats. Densitometry
of Western blots was quantified with NIH Image]J software.

Cell growth assay

A diphenyltetrazolium bromide (MTT) assay was performed
to determine cell growth. Five thousand cells per well were
seeded in a 96-well plate and grown for 24, 48, and 72 h.
Then, the media were removed and washed with PBS, after
which 5 g/l of thiazolyl tetrazolium (Amersco, Indianapolis,
IN, USA) was added to each well. Four hours later, MTT was
removed and 150 pl of dimethyl sulfoxide (Sigma-Aldrich, St.
Louis, MO, USA) was added. The viability of the cells was
calculated from the absorption at 570/630 nm with an
enzyme-linked immunosorbent assay reader.

Cell cycle analyses

Cell pellets were resuspended in a cold solution containing
100 pg/ml propidium iodide (Sigma-Aldrich), 0.1 %
trinatriumcitrate-dihydrate, and 10 % RNaseA (1 mg/ml)
and then incubated at 37 °C for 30 min. Cell cycles were then
analyzed by flow cytometry.
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Fig. 1 Selection of shRNAs that inhibit RBPJ expression. a—b Western
blot for RBPJ in HEK293T cells transfected with pcDNA-RBPJ
plasmids, shown by representative images (a), and by quantification
(b). Mock, cells transfected with pLKO.1 vector with a scrambled
shRNA. shRBPJ-1 to shRBPJ-6, different shRNA constructs designed
to target RBPJ based on mRNA sequence. o« -tubulin was a protein
loading control. *p<0.05. n=5. Statistics: one-way ANOVA with a
Bonferroni correction
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Statistics

All statistical analyses were carried out using the SPSS 19.0
statistical software package. All data were statistically ana-
lyzed using one-way ANOVA with a Bonferroni correction.
All values are depicted as mean=standard deviation from five
individuals and are considered significant if p<0.05.

Results

RBPIJ expression was effectively inhibited by shRNA
constructs

Multiple shRNA constructs were generated and then co-
transfected with pcDNA-RBPJ into HEK293T cells to deter-
mine their potentials of silencing RBPJ expression. RBPJ pro-
tein levels in the transfected cells were determined by Western
blot. From the five constructs, four shRNAs resulted in sig-
nificant inhibition of RBPJ expression, among which
shRBPJ-3 was the most efficient one and reduced RBPJ levels
in HEK293T cells by more than 90 % (Fig. 1a, b). Thus,
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Fig. 2 Inhibition of RBPJ by lenti-shRBPJ-3 in stably transduced lung
cancer cells (a—c). Three lung cancer cells were infected with RBPJ-
shRNA and pLKO.1 lentivirus to generate stable clones which were
then cultured in media for 72 h before they were harvested. RBPJ levels
were significantly reduced in all three stably transduced lung cancer cell
lines, by RT-qPCR (a) and by Western blot shown with representative
images (b) and with quantification (¢). «-tubulin was a protein loading
control. *p<0.05. n=5. Statistics: one-way ANOVA with a Bonferroni
correction
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shRBPJ-3 was chosen to be used in the current study to knock
down RBPJ expression in lung cancer cells.

Inhibition of RBPJ by lenti-shRBPJ-3 in stably transduced
lung cancer cells

Three human lung cancer cell lines A549 (origin from carci-
noma), SK-LU-1 (origin from adenocarcinoma), and NCI-
H23 (origin from non-small cell lung cancer) were used in
the current study, since they represent different types of lung
cancer. These lung cancer cells were infected with RBPJ-
shRNA and pLKO.1 lentivirus to generate stable clones which
were then cultured in media for 72 h before they were harvest-
ed. We found that RBPJ levels were significantly reduced in
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Fig. 3 Inhibition of RBPJ suppressed growth of lung cancer cells. a Cell
growth was examined in a MTT assay. Significant reduced cell growth by
RBPJ inhibition was detected as early as 48 h after seeding, compared
with controls, in all three lines. b Cancer cells were analyzed in a cell
cycle phase assay at 72 h after seeding, showing that the percentage of S
phase proliferating cells in RBPJ-depleted lung cancer cells significantly
reduced, while the percentage of G0/G1-phase cells in RBPJ-depleted
lung cancer cells significantly increased, compared to mock cells.
*p<0.05. n=5. Statistics: one-way ANOVA with a Bonferroni correction
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all three stably transduced lung cancer cell lines, by RT-qPCR
(Fig. 2a), and by Western blot shown with representative im-
ages (Fig. 2b) and with quantification (Fig. 2c). These data
suggest that siRBPJ inhibited RBPJ transcription and reduced
the RBPJ protein production in lung cancer cells.

Inhibition of RBPJ suppressed growth of lung cancer cells

In order to figure out whether inhibition of RBPJ may affect
the growth of lung cancer cells, we analyzed cell growth in a
MTT assay. Significant reduced cell growth by RBPJ inhibi-
tion was detected as early as 48 h after seeding, compared with
controls, in all three lines (Fig. 3a). We then analyzed these
cancer cells in a cell cycle phase assay at 72 h after seeding,
and we found that the percentage of S-phase proliferating cells
in RBPJ-depleted lung cancer cells significantly decreased,
while the percentage of GO/G1-phase cells in RBPJ-depleted
lung cancer cells significantly increased, compared to mock
cells (Fig. 3b). These results suggest that inhibition of RBPJ
suppressed growth of lung cancer cells, possibly through
inhibiting cell proliferation.

RBPJ-depletion inhibited cell proliferation by suppressing
S-phase transition

To understand the mechanism underlying the reduced cell
growth by RBP depletion, we examined the expression of
downstream targets of RBPJ by Western blot. CDK2 is a
catalytic subunit of the cyclin-dependent kinase complex,
and its activity is restricted to the G1-S phase of the cell cycle
for inducing G1-S transition. p21 is an inhibitor for cyclin-
CDK2 or -CDK1 complexes. p27 directly inhibits CDK4,
resulting in cell arrest in the G1 phase of the cell cycle. The
ubiquitin-ligase complex SKP2 is required for the degradation
of p21 at both G1-S transition and S phase in the cell cycle
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Fig. 4 RBPJ-depletion inhibited cell proliferation by suppressing S-
phase transition The levels of downstream targets of RBPJ were
examined by Western blot, showing that RBPJ-depleted lung cancer
cells exhibited a reduction in the levels of CDK2, Hesl, Bcl-2, and
SKP2 but an increase in the levels of p21 and p27, compared to control
mock cells. x-tubulin was a protein loading control
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[10-17, 26-29]. We found that RBPJ-depleted lung cancer
cells exhibited a reduction in the levels of CDK2, Hesl, Bcl-
2, and SKP2 but an increase in the levels of p21 and p27,
compared to control mock cells (Fig. 4). These results further
suggest that RBPJ-depletion inhibited cell proliferation by
suppressing S-phase transition.

Discussion

Inhibition of Notch pathway has been shown to suppress tu-
morigenesis of lung cancers [30-39]. Moreover, RBPJ acts
downstream of the Notch pathway and has been shown to
be essential for a functional activated Notch signaling
[10—17]. Therefore, here, we studied the specific role of RBPJ
in the Notch pathway, and evaluated its effect as a potential
therapeutic target for lung cancer.

We used a lentivirus-mediated shRNA delivery method to
stably suppress RBPJ gene expression. Both short interfering
RNAs (siRNAs) and shRNAs are the most frequently applied
methods to specifically and efficiently silence genes at the
mRNA level [40, 41]. Delivery of siRNAs or shRNAs by
plasmid transfection to target cells suffers from low and vari-
able transfection efficiency and only suppresses gene expres-
sion transiently [40, 41]. On the contrary, lentiviral vectors are
more efficient and conduct stable gene delivery [40, 41]. The
lentiviral vector pLKO.1 is able to integrate into the host ge-
nome that allows for the stable expression of shRNA.

Our results showed that the downregulation of RBPJ ex-
pression resulted in a significant reduction of cell growth in
transduced lung cancer cells, confirmed by cell cycle analyses
showing that knockdown of RBPJ decreased S-phase prolif-
erating cells. Moreover, we found that knockdown of RBPJ
suppressed the expression of its target genes CDK2, Hesl,
Bcl-2, and SKP2 but increased others like p21 and p27. Given
the roles of these genes in cell cycle progression, our results
suggest that the knockdown of RBPJ inhibits lung cancer cell
proliferation by inducing cell-cycle arrest at G1 phase through
inhibiting the G1-S transition.

Since we examined several lung cancer cell lines with dif-
ferent tissue origin, our results should not be limited to an
individual cell line. In other words, our results are unlikely
to be cell-line specific and may be applicable to most lung
cancer types. Future studies may be designed to compare the
effects of RBPJ knockdown on normal lung cells to lung
cancer cells to evaluate the toxicity of the treatment.

Since Notch signaling pathway has been shown to play
essential roles in many cancers other than lung cancer, here,
the inhibitory effect of RBPJ-depletion on growth of lung
cancer cells may also be not limited to an individual cancer
type. Future studies may be designed to test this model in
other cancers in humans.
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