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Abstract
Cholangiocarcinoma is a rare cancer arising in the biliary tree with poor prognosis
and limiting treatment options. In recent years, molecular analysis of this
heterogeneous cancer has revealed different subtypes and potentially actionable
targets, including FGFR2 gene fusions that are found in 10-15% of intrahepatic
cholangiocarcinomas. Patients with FGFR2 fusions show a response to FGFR
inhibitors in clinical trials, but the occurrence of resistance has already been
observed. Despite this relatively advanced stage of clinical development of FGFR
inhibitors in cholangiocarcinoma, there are no cell lines available to study FGFR2
signaling and response to FGFR inhibitors in cholangiocarcinoma. Here we report
the generation of an FGFR2-BICC1 fusion in immortalized hepatocytes at its
endogenous locus using the CRISPR/Cas9 system. We efficiently induced the
inversion of a 58-megabase-sized fragment on chromosome 10 to generate the
FGFR2-BICC1 fusion and successfully established clonal cells lines, that will be a
valuable tool to study FGFR2 fusions in cholangiocarcinoma.

Introduction
Cholangiocarcinoma is a relatively rare and aggressive cancer arising from epithelial
cells of the biliary tree. Classification of this very heterogeneous disease is currently
done based on the anatomical location and includes intrahepatic, perihilar and
extrahepatic cholangiocarcinoma [1]. The incidence and mortality has been increasing
in the past decades and prognosis for this disease is poor, with patients having a
median survival of 24 months [2]. Surgery is the only curative treatment option and
chemotherapeutic treatment with gemcitabine and cisplatin combination is the
standard therapy used for advanced disease [1]. Currently, there are no targeted
therapies available. However, molecular exploration of cholangiocarcinoma done in
recent years has revealed genetic alterations driving this cancer and has identified
new potential therapeutic targets [3] [4]. Most recently an integrative genomic analysis
of somatic mutations, RNA expression, copy number, and DNA methylation revealed
the extent of heterogeneity of this this disease and identified different subtypes based
on distinct molecular features [5]. This identification of different subtypes is an
important first step towards the development of targeted therapies for this disease.
A unique molecular subtype that has been identified by those efforts in the previous
years is defined by fibroblast growth factor receptor 2 (FGFR2) gene fusions that were
identified in 10-15% of intrahepatic cholangiocarcinomas [6,7] [8]. Those FGFR2
fusions have demonstrated transformative ability because of the fusion of the 5’ portion
of the FGFR2 gene including its kinase domain to different 3’ fusion partners that
facilitate oligomerization of the receptor independent of ligand-binding resulting in a
constitutively active kinase [6]. FGFR inhibitors are already approved for use in other
tumor entities and are currently tested in phase 2 clinical trials for the use in
cholangiocarcinoma patients with FGFR2 alterations. First results of that trial shows
promising results against chemotherapy-refractory cholangiocarcinoma containing
FGFR2 fusions [9], but in another study mutations in the FGFR2 gene conferring
resistance to different FGFR inhibitors have already been identified in patients treated
with FGFR inhibitors [10]. Despite the relatively late stage of clinical development of
FGFR inhibitors in cholangiocarcinoma, there is currently no cholangiocarcinoma cell
line available that has an endogenous FGFR2 gene fusion. Such a model system
would be needed to study FGFR signaling in cholangiocarcinoma as well as for
studying resistance mechanisms and to test combination therapies. The only model
systems available are PDX-models [11] or cellular systems that use ectopic
overexpression of FGFR2 gene fusions. This overexpression is often done in the
kinase dependent Ba/F3 mouse B cell line or NIH373 mouse embryo fibroblast cell
line that do not necessarily resemble the molecular features of human
cholangiocarcinoma cells [6,12]. Moreover, it is not possible to study the
transcriptional regulation of the endogenous fusion when using ectopic
overexpression from constitutively active promoters and the transcript is often
expressed at a very high, non-physiological level.
We therefore attempted to generate an FGFR2-BICC1 fusion at its endogenous locus
on chromosome 10 in immortalized human hepatocytes to establish a model system,

which can be used to study FGFR2 fusions. To achieve this goal, we used the CRISPR
Cas9 system, that only requires the expression of Cas9 and target-specific sgRNAs
[13], to induce concomitant DNA double strand breaks at the two fusion partners.
Previously, this approach has been successfully used to model various genomic
rearrangements including translocations, deletions and inversions that result in the
formation of cancer-associated gene fusions such as EML-ALK4, CD74-ROS1,
KIF5B-RET, FIP1L1-PDGFRA, MLL-ENL or EWSR1-FLI1 [14-18]. Here we report the
successful generation of the FGFR2-BICC1 gene fusion in immortalized human
hepatocytes. This newly established cells will be a useful tool for studying the
response to FGFR inhibitors, resistance mechanisms or to test combination therapies.

Methods
Construction of CRISPR plasmids
CRISPR/Cas9 target sites were selected using Benchling gRNA design tool and were
cloned into the pX330 plasmid expressing the gRNA under the control of an U6
promoter, a Cas9 expression cassette and mCherry as a selection marker. To obtain
the FGFR2-BICC1 fusion we designed 4 sgRNAs located in the intro between exon
17 and 18 of the FGFR2 gene, 3 sgRNAs located in the intro between exon 2 and
exon 3 of BICC1 and one sgRNA located in the intro between exon 16 and 17. The
gRNA sequences are provided in table 1. gRNA sequences were individually cloned
into the pX330 plasmid using the BbsI restriction site as described by Ran et at. [19].
Briefly, synthesized top and bottom oligos were annealed and phosphorylated using
T4 PNK and cloned into the pX330 plasmid in a ligation reaction containing BbsI and
T4 ligase. The ligation reaction was incubated for 1h, treated with PlasmidSafe
exonuclease and transformed into Stbl3 chemically competent E. coli cells. Cells were
incubated overnight and colonies were picked for an overnight culture. Plasmid DNA
was isolated using QIAprep Spin miniprep kit and the plasmid sequence was verified
by Sanger sequencing. For construction of the multiplex plasmid containing two
sgRNAs in a single plasmid the entire U6promoter_gRNA_terminator cassette from
one plasmid (FGFR2, 118192) was cloned into another other (BICC1, 58698244)
using the PciI restriction site upstream of that cassette. The resulting multiplex plasmid
thus contains both sgRNAs under the control of two independent U6 promoters.
Transfection
The immortalized hepatocyte cell line HC3716-hTERT was used for all experiments.
Cells were transiently transfected with the pX330 plasmids using lipofectamine 3000
as described by the manufacturer. To enrich for transfected cells, mCherry positive
cells were obtained using fluorescence-activated cell sorting (FACS) 48h after
transfection.

Table 1. sgRNA sequences
sgRNA
Target gene
FGFR2 116498
FGFR2
FGFR2 118192
FGFR2
FGFR2 118284
FGFR2
FGFR2 118373
FGFR2
BICC1 58698244
BICC1
BICC1 58698451
BICC1
BICC1 58701077
BICC1
BICC1 58806148
BICC1
Isolation of single cells

Sequence
GTAATCCCAGCTACTCCGGG
GACCACGTCTGATGTACCCC
GAGATGTGGGTATTGGACGT
CAAGGTGAATACGGTTCGAG
GTATTAGTGTGCACAGCCGT
CTAATGCCGTGACCTAAAGG
CCGGTACGTAGCCAGTACTG
CCTCTTCATTTAGGTAAGCG

Limiting dilution was used to obtain clonal cell lines with the FGFR2-BICC1 fusion.
Cells were seeded in a 96-well plate with a concentration of 10 cells per ml, resulting
in approximately 1 cell per well. Cells were expanded for 2-3 weeks and wells
containing multiple colonies and hence polyclonal cell lines were excluded.
Detection of genomic rearrangement by PCR
Either mixed cell populations obtained before limiting dilution or clonal cell lines were
analyzed for the presence of genomic rearrangements by using PCR. DNA was
isolated using a DNA isolation buffer containing Proteinase K, Tween, Triton-X, KCl
and (NH4)2SO4. Primers located on the FGFR2 gene and the BICC1 gene were used
in different combinations to detect either WT FGFR2, WT BICC1, the FGFR2-BICC1
fusion, the BICC1-FGFR2 fusion, a deletion event between the two target sites or a
duplication. Primer combinations and primer sequences are listed in table 2. To
determine the exact fusion breakpoint of the FGFR2-BICC1 fusion, the PCR products
of clonal cell lines were analyzed by Sanger sequencing.
T7 endonuclease assay
The T7 endonuclease assay was used to determine genome targeting efficiency of
different sgRNAs. T7 Endonuclease I from NEB was used and the assay performed
as described by the manufacturer. Briefly, Platinum SuperFi PCR Master Mix was
used to amplify the targeted locus and the PCR product was purified using a Qiagen
PCR purification kit. Purified PCR product was annealed in a thermocycler and
subsequently incubated with T7 Endonuclease I. Reactions were analyzed on a gel
and the editing efficiency was calculated as described by Ran et al. [19].

Table 2. Primer sequences
Primer
FGFR2_1_fwd
FGFR2_1_rev
FGFR2_2_fwd
FGFR2_2_rev
BICC1_1_fwd
BICC1_1_rev
BICC1_2_fwd
BICC1_2_rev
BICC1_3_fwd
BICC1_3_rev
Fusion transcript fwd
Fusion transcript rev

Sequence
TTCCCCTTCAATTATCCCCGAAA
TCTCCTCCTGGGGAAGATTACA
CCTTCAGAAGTTGAAAGGAAAGGA
CAGCATCCCAGAAGGGGAATG
ACCCCCTGTAGAGACCTTGTG
ACATAGCATGGCACGTACTGA
TTGCTCTGAGAAAAACAGCAAACA
CAGCAACGGAAATGGACGGT
CCCTTGGTCCTTGTGGTAGG
TTGGTGGCTAATAGCTTCTTCTGT
TGATGAGGGACTGTTGGCAT
TGGCCAAGCAATCTGCGTAT

Table 3. Primer combinations
First Primer
Second Primer
FGFR2_1_fwd
BICC1_1_rev

Target
FGFR2-BICC1 generated by sgRNAs
118192/58698244, 118192/58698451,
118284/58698244, 118284/58698451,
118373/58698244, 118373/58698451
FGFR2-BICC1 generated by sgRNAs
116498/58698244, 116498/58698451

FGFR2_2_fwd

BICC1_1_rev

FGFR2_2_fwd

BICC1_2_rev

FGFR2-BICC1 generated by sgRNAs
116498/58701077

FGFR2_2_fwd

BICC1_3_rev

FGFR2-BICC1 generated by sgRNAs
116498/58806148

FGFR2_1_fwd

BICC1_2_rev

FGFR2-BICC1 generated by sgRNAs
118192/5870177, 118284/58701077
118373/58701077

FGFR2_1_fwd

BICC1_3_rev

FGFR2-BICC1 generated by sgRNAs
118192/58806148, 118284/58806148,
118373/58806148

BICC1_1_fwd

FGFR2_1_rev

BICC1_1_fwd

FGFR2_1_fwd

FGFR2_1_rev

BICC1_1_rev

FGFR2_1_fwd

FGFR2_1_rev

BICC1_1_fwd

BICC1_1_rev

Fusion Transcript
fwd

Fusion transcript
rev

BICC1-FGFR2 generated by sgRNAs
118192/58698244
Deletion generated by sgRNAs
118192/58698244
Duplication generated by sgRNAs
118192/58698244
FGFR2 locus cut by sgRNA 118192 (for
T7 assay)
BICC1 locus cut by sgRNA 58698244 (for
T7 assay)
Detection of FGFR2 fusion transcript, fwd
primer maps to exon 17 of FGFR2 and the
rev primer maps to exon 3 of BICC1

RNA isolation and RT-PCR
To analyze the expression of the FGFR2-BICC1 transcript, Trizol was used to isolate
total RNA. QIAGEN OneStep RT-PCR kit was used to obtain cDNA, which was used
in a subsequent PCR to detect the expression of the fusion transcript. The forward
and reverse primers are located on exon 17 FGFR2 and on the exon 3 of BICC1,
respectively, meaning that the PCR product spans the exon-exon junction of the fusion
transcript. GAPDH was used as a control. Primer sequences are listed in table 3. The
PCR product was sequenced to determine the exact sequence of the exon-exon
junction.

Results
The FGFR2-BICC1 fusion is the result of an inversion of a 58-megabase fragment on
chromosome 10 (Fig. 1). We first attempted to generate this inversion in the
immortalized human hepatocyte cell line HC3716-hTERT using different combinations
of sgRNAs that map to introns in the FGFR2 and BICC1 genes on chromosome 10. 4
sgRNAs targeting intron 17 of FGFR2, 3 sgRNAs targeting intron 2 of BICC1 and 1
sgRNA targeting intron 16 of BICC1 were individually cloned in an mCherry- and Cas9expressing pX330 plasmid. Next, we transiently transfected cells with all 16 possible
combinations of one sgRNA targeting FGFR2 and one sgRNA targeting BICC1. By
using PCR and primers designed to flank the genomic breakpoint junctions we found
that 6 combinations can introduce a genomic inversion resulting in FGFR2-BICC1
fusions (Fig. 2a). However, the transfection efficiency was only <10% meaning that
the efficiency of inducing this rearrangement was presumably very low and was only
detected in the pool of transfected cell because of the very high sensitivity of the PCR
(Fig 2b). Therefore, FACS sorting to enrich for mCherry positive cells was used for
subsequent experiments to enrich for successfully transfected cells and increase the
induction of the inversion in the obtained cell population by at least ~10 fold (Fig. 2c).

Figure 1: CRISPR induced double strand breaks generate an inversion resulting in the
FGFR2-BICC1 gene fusion. (A) sgRNAs target the intronic region of FGFR2 and BICC1 on
chromosome 10. (B) The FGFR2-BICC1 gene fusion results from an inversion of a 58-megabase
fragment. (C) The fusion transcript comprises FGFR2 exons 1-17 fused to BICC1 exons 3-5.
Primers for detection of WT FGFR2, WT BICC1, FGFR2-BICC1 and the fusion transcript are
indicated as small arrows.
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Figure 2: Testing different gRNA combinations to induce the FGFR2-BICC1 fusion. (A)
Detection of FGFR2-BICC1 gene fusions using PCR after cells were transiently transfected with a
combination of two plasmids. 1: sgRNA FGFR2 116498/BICC1 58698244, 2: FGFR2
116498/BICC1 58698451, 3: FGFR2 116498/BICC1 5870177, 4: FGFR2 116298/BICC1
58806148, 5: FGFR2 118192/BICC1 58698244, 6: FGFR2 118192/BICC1 58698451, 7: FGFR2
118192/BICC1 5870177, 8: FGFR2 118192/BICC1 58806148, 9: FGFR2 118284/BICC1
58698244, 10: FGFR2 118284/BICC1 58698451, 11: FGFR2 118284/BICC1 5870177, 12:
FGFR2 118284/BICC1 58806148, 13: FGFR2 118373/BICC1 58698244, 14: FGFR2
118373/58698451, 15: FGFR2 118373/BICC1 5870177, 16: FGFR2 118373/BICC1 58806148
(B) Transfection efficiency of cells transfected with a combination of two plasmids 48 h after
transfection. (C) Representative FACS data of transfected cells 48h after transfection. The
mCherry + fraction is 8.3%.

The sgRNA combination FGFR2 118192/BICC1 58698244 (lane 5 in Fig. 2a) was
selected for further experiments. First, we determined if this sgRNA combination is
also capable of inducing other genomic rearrangements other than the intended
inversion. As expected we also detected the generation of a deletion between the two
breakpoints as well as a duplication of the fragment resulting from a translocation
event that can happen when the FGFR2 locus is cut on one of the two chromosomes
and the BICC1 is cut on the other chromosome of a diploid cell. We also detected the
other end of the inversion, namely the BICC1-FGFR2 fusion (Fig 3a). These results
demonstrate that the CRISPR/Cas9 system can be used to induce large inversions or
deletions, as has already been described before for smaller genomic rearrangements
of those types. Next, we assessed the CRISPR editing efficiency of the two sgRNAs
by the T7 endonuclease assay. Editing efficiency in FACS sorted cells was 16% for
the FGFR2 locus and 20% for the BICC1 locus (Fig 3b).

T7 endonuclease

FGFR2-BICC1

+
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+

-

BICC1-FGFR2
Duplication
Deletion
16% FGFR2

Control
sgRNA FGFR2
sgRNA BICC1
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Figure 3: (A) Detection of different genomic rearrangements in cells transfected with a
combination of two plasmids. (B) CRISPR editing efficiency in cells co-transfected with both
plasmids and enriched by FACS sorting, as determined by T7 endonuclease assay. The indel
frequencies are indicated below.

Next, we isolated clonal cell lines that are positive for the FGFR2-BICC1 gene fusion.
Therefore, cells were transfected with the combination FGFR2 118192/BICC1
58698244 and FACS sorted as before and then seeded in 96-well plates using limiting
dilution to a concentration of approximately one cell per well. After 2-3 weeks of clonal
expansion, we screened 47 clonal cell lines and detected the FGFR2-BICC1 fusion
using PCR in 2 clones (named clones 6 and 8).
Although we were already successful in isolating two clonal cell lines positive for the
desired gene fusion, we attempted to further improve the efficiency of introducing the
gene fusion by using a multiplex plasmid expressing both gRNAs on a single plasmid.
It has been shown that using such an all-in-one plasmid can significantly improve the
translocation efficacy [20]. In addition to improved efficiency, only one plasmid needs
to be prepared and transfected, making handling and sharing of the plasmid easier.
We cloned the whole U6-sgRNA-terminator cassette from one of the two plasmids
(FGFR2 118192/BICC1 58698244) into the other using the PciI restriction site
resulting in a single plasmid that expresses both sgRNAs from two independent U6
promoters. We then used this multiplex plasmid to obtain another batch of clonal cell
lines. This time we screened 66 clones and again obtained two clones (named 2 and
4) with FGFR2-BICC1 gene fusions. In a third independent experiment, we again used
the multiplex plasmid to transfect the HC3716 hTERT shp53 cell line, in which P53 is
knocked down. We screened 70 clones and got one clone positive for the FGFR2BICC1 gene fusion. Based on these results we assume that the strategy using 2
plasmids and the strategy using a multiplex plasmid work equally well in vitro. In total,
we have screened 183 clones in three independent experiments and received 5 clones
with the FGFR2-BICC1 fusion, meaning that the inversion occurred in ~2-3% of
transfected cells.
The other end of the inversion, which is the BICC1-FGFR2 fusion, was detected in all
clones as expected (Fig. 4a). Additionally, all clones still have a WT FGFR2 allele,

Figure 4: Detection and sequencing of the genomic breakpoint junction of the inversion.
(A) DNA was isolated from the clonal cell lines and the FGFR2-BICC1 and BICC1-FGFR2
breakpoint junctions were detected PCR. The FGFR2 WT allele around the CRISPR targeting
site was amplified as a control. (B) Sanger sequencing of the genomic breakpoint junction.

However, there might have occurred an unintended editing event on the WT FGFR2
allele in clone 8, as revealed by the extrabands that show up when amplifying the
locus around the CRISPR targeting site of the FGFR2 gene (Fig. 4a). Sanger
sequencing of the FGFR2-BICC1 genomic breakpoint junction of the 5 clones
revealed that the junction exactly matched the predicted sequence based on the
CRISPR induced double strand breaks (Fig. 4b). While we initially expected small
insertions or deletions, it is still possible that the fusion occurs without any gain or loss
of sequence information. However, due to the sequences being the same in all clones,
we cannot exclude the possibility that clones obtained in the same experiment
originated from a single editing event. This can happen because cells are proliferating
for 4 days after transfection and before seeding as single cells by limiting dilution.
Finally, we have detected the FGFR2-BICC1 fusion transcript in our clonal cell lines
(Fig. 5a). However, expression levels are rather low compared to GAPDH. We
sequenced the exon-exon junction and could show that the exon 17 of FGFR2 is fused

Figure 5: Detection and sequencing of the FGFR2-BICC1 fusion transcript (A) RNA was
isolated from the clonal cell lines and reverse transcribed. The cDNA was used to detect the
FGFR2-BICC1 fusion using forward and reverse primers that map to exon 17 of FGFR2 and
exon3 of BICC1, respectively. GAPDH was used as a control. (B) Sanger sequencing of the
exon exon-exon junction validated in-frame fusion transcript.

in frame with exon 3 of BICC1 (Fig. 5b). This exon-exon junction is identical to the
exon-exon junction found in human tumors expressing an FGFR2-BICC1 fusion[6].
Additionally, the sequence shows that the transcript is spliced correctly without error
in our clonal cell lines.

Discussion and Outlook
In the present study, we have successfully generated the FGFR2-BICC1 gene fusion
in immortalized human hepatocytes using the CRISPR-Cas9 system. To our
knowledge, the 58-megabase inversion is the largest inversion or deletion event that
has ever been artificially generated in human cells using the CRISPR Cas9 system.
While kilobase-sized deletions or inversion are generated in cells with high frequency,
the efficiency decreases with increasing fragment size [21]. The largest deletion
reported in the literature is a 30-megabase deletion that was generated in a nearhaploid cell line to obtain the first fully haploid cell [22]. The deletion frequency of ~1%
reported in that paper compares very well to the frequency observed in our study.
In a next step, the newly established cell lines are going to be further characterized by
analyzing the downstream signaling activated by the FGFR2-BICC1 fusion protein.
Additionally, we are currently testing the response of the cells to different FGFR
inhibitors. Most importantly, there are ongoing in vivo experiments to determine if the
cell lines can form tumors in mice. Using the cells in a mouse model would greatly
expand the potential applications of how this newly established cell lines could be used
to study potential therapies targeted against the FGFR2 fusion.
FGFR2 gene fusion are found exclusively in intrahepatic but not in extrahepatic
cholangiocarcinoma. There is currently no explanation for this restriction of FGFR2
fusions to intrahepatic cholangiocarcinomas but we speculate that the FGFR2 gene

fusions might occur in hepatocytes or hepatoblasts, which could differentiate to
cholangiocytes, explaining why the FGFR2 fusion is only found in intrahepatic
cholangiocarcinoms. We further speculate that the gene fusion has no oncogenic
effects in hepatocytes, possibly because the fusion is not expressed and only after
differentiation of those cells to cholangiocytes, the FGFR2 fusion would be expressed
and would have oncogenic potential. This differentiation of hepatoblasts/hepatocytes
as a mechanism of cholangiocarcinoma tumorgenesis has already been described in
the literature, but has not yet been associated with FGFR2 fusions [23-26]. Our
immortalized hepatocytes harboring the FGFR2-BICC1 fusion are an excellent model
to study this question, because the fusion is under the control of its endogenous
promoter and is therefore subject to normal regulation of gene expression at that locus.
It would not be possible to study this research question involving the transcriptional
regulation of the expression of the gene fusion using cells that ectopically express an
FGFR2 gene fusion as it is the case in the cellular model systems that are currently
available.
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The Notch signaling pathway has a key role in cellular development and is involved in initiation and
progression of cancer by fundamentally inﬂuencing cellular processes such as differentiation, proliferation or migration. The pathway is regulated on many stages, generating diverse outcomes depending on
cellular context or signaling dose. Recent studies suggest that long non-coding RNAs (lncRNAs), a class of
non-coding RNAs deregulated in many cancers, are involved in regulating the Notch pathway activity by
modulating the expression of receptors or ligands on transcriptional or posttranscriptional levels.
LncRNAs are also downstream targets of Notch signaling and some of these Notch-induced lncRNAs have
been reported to be inducers of its oncogenic effects. This cross-talk between Notch signaling and
lncRNAs makes those molecules potential biomarkers for Notch signaling activity and interesting therapeutic RNA-based targets in the future.
© 2018 Elsevier B.V. All rights reserved.
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1. Molecular factors involved in the Notch signaling pathway
Notch signaling is involved in diverse cellular processes regulating normal development as well as contributing to many aspects
of cancer biology, such as cell proliferation, differentiation,
epithelial-mesenchymal transition, angiogenesis or stemness [1].
The highly conserved pathway is activated upon interaction between Notch receptors and their corresponding ligands on neighboring cells. In mammals, there are four receptors (Notch1 - 4) and
ﬁve Notch ligands (Dll1 (Delta-like 1), Dll3 (Delta-like 3), Dll4
(Delta-like 4), Jagged-1 and Jagged-2) previously identiﬁed [2].
Binding of a ligand to a receptor is followed by a two-step proteolytic cleavage of the Notch receptor by ADAM-family of metalloproteases and g-secretase resulting in the release of the Notch
intracellular domain (NICD) [3]. NICD translocates to the nucleus
and cooperates with a DNA-binding protein CSL (RBPJ in vertebrate
species) to promote transcription of target genes. Only a few genes
have been shown to be regulated in common by Notch signaling in
multiple cell types, whereas other target genes vary depending on
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cell type or cellular context [4]. Primary target genes, which
themselves act as transcriptional repressors of downstream genes
involved in cell-fate decisions, are the hairy/enhancer of split (Hes)
genes [5]. Other known target genes that have implications for
cancer include MYC [6], cyclin-D1 [7] or p21 [8]. In addition to
directly regulating genes involved in cancer, there is also a crosstalk
with other oncogenic signaling pathways, for example, PI3K-Akt
[9], NF-kB [10] or WNT signaling [11].
Due to its role in regulating key signaling pathways, the Notch
genes are frequently mutated in various types of cancer. However,
there are gain-of-function as well as loss of function mutations
observed, reﬂecting the great diversity and context-dependence of
Notch-induced effects [1]. A high prevalence of Notch mutations is
found in T cell acute lymphoblastic leukemia (T-ALL), with more
than 50% of tumors carrying activating Notch1 mutations resulting
in ligand-independent Notch receptor proteolysis and activation
[12]. Other instances for Notch altered types of cancer include
breast cancer, diffuse large B-cell lymphoma or adenoid cystic
carcinoma, which also show activating Notch mutations, albeit at
lower frequencies. Gain-of-function mutations indicate an oncogenic role of Notch signaling in those types of cancer, whereas lossof-function mutations in other cancers indicate that Notch
signaling can also have a tumor suppressive role, depending on the
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Fig. 1. Involvement of lncRNAs in the Notch signaling pathway. LncRNAs regulate the expression of Notch receptors on a transcriptional level by interacting with transcription
factors (TFs) and the promoter region of Notch receptors and on a posttranscriptional level by acting as miRNA sponges. LncRNAs also modulate the expression of Notch ligands and
are downstream targets of Notch signaling.

cellular and molecular contexts. Tumors with observed loss-offunction mutations include squamous cell carcinoma of the skin,
lung, head and neck as well as small cell lung cancer or low-grade
gliomas, among others [1].
Because of the involvement of Notch signaling in cancer,
different classes of Notch inhibitors are currently in clinical
development [13,14]. The most frequent approach to target Notch
signaling follows the use of g-secretase inhibitors (GSI) that prevent proteolytic cleavage and activation of the Notch receptor.
Another approach to target Notch signaling is blocking the Notch
ligand DLL4 resulting in disorganized angiogenesis with nonfunctional capillaries [14].
The most recent reviews on Notch signaling highlight the great
variability of functional outcomes produced by this pathway
depending on cellular context [1,15]. To achieve this variability,
those reviews describe many regulatory mechanisms including the
cell type speciﬁc transcription of Notch genes, different posttranslational modiﬁcations or proteasomal degradation of NICD.
Outcomes of Notch signaling are also dependent on signaling dose
and timing, again illustrating the necessity of a precise regulation
on different levels of the signaling pathway. In the present review,
we focus on recent evidence of the involvement of lncRNAs in
modulating various steps of the pathway (see Fig. 1).
2. Long non-coding RNAs e an overview
The human genome contains approximately 20,000 proteincoding genes, which represents less than 2% of the total genome
[16], whereas it is estimated that at least 50% of the genome is
transcribed into RNA (GENCODE v25, [17]). Those non-coding RNAs
(ncRNA) comprise many classes of small ncRNAs including tRNAs,

small nuclear RNAs, small nucleolar RNAs, microRNAs, short
interfering RNAs, Piwi-interacting RNAs, or small RNAs that regulate splicing. Non-coding RNAs that are >200 nucleotides in length
are referred to as long non-coding RNAs (lncRNAs). Unlike the other
classes of non-coding RNAs, lncRNAs are a relatively heterogeneous
class and can be polyadenylated and non-polyadenylated. They can
be antisense, intronic, intergenic and/or overlapping with respect
of their genomic location to protein-coding loci [18]. Because most
lncRNAs are expressed very low (on average ~10 fold lower than
protein-coding genes [19]) and do not show sequence conservation,
they have historically been referred as transcriptional noise or
‘junk’ [20,21]. While this might be true for some transcripts, the
expression of other lncRNAs is restricted to certain developmental
stages [22], is highly tissue-speciﬁc [23] or can be associated with a
distinct subcellular localization [24], all variables indicating a precise regulation of lncRNA expression. In the past decade, the biological relevance of numerous lncRNAs has been shown in health
and disease and functional studies have also revealed the mechanisms by which lncRNAs modulate gene expression on different
levels [25,26]. Some of these mechanisms include regulation of
transcription in cis or trans by binding chromatin modifying complexes or transcription factors, regulation of mRNA splicing, modulation of post-transcriptional control by sequestration of miRNAs
or acting as molecular scaffolds involved in nuclear organization or
in other processes (for reviews see Refs. [27,28]).
Genome-wide analyses of cancer transcriptomes have revealed
that lncRNAs are highly deregulated in different types of cancer
[29e31] and accumulating evidence suggests that lncRNAs have
functional roles in cancer initiation and progression [32]. Those
effects on cell proliferation, survival or migration can be mediated
by modulating key signaling pathways involved in cancer [33,34]
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and recent studies suggest that such a crosstalk also exists between
lncRNAs and Notch signaling, which will be summarized in the
following sections.
3. LncRNAs involved in regulating transcription of Notch
receptors
Recent studies provide mechanistic evidence that lncRNAs are
involved in modulating the expression of the Notch receptors at a
transcriptional level. One such lncRNA is the liver ﬁbrosis-associated
lncRNA1 (lnc-LFAR1), which has been reported to activate the Notch
signaling pathway to promote liver ﬁbrosis [35]. In their study, Zhang
et al. used RNA immunoprecipitation (RIP) and Chromatin immunoprecipitation (ChIP) to demonstrate that lnc-LFAR1 directly binds
Smad2/3 and increases the promoter occupancy of Smad2/3 to target
genes, which included Notch2 and Notch3 as well as members of the
TGFb pathway. In addition to providing this mechanistic evidence of
how lncRNAs can modulate Notch gene expression, their study also
illustrates how lncRNAs can facilitate the crosstalk between different
cell signaling pathways [35].
In a study on calciﬁc aortic valve disease, it was reported that
overexpression of lncRNA H19, a well-known lncRNA molecule, can
silence Notch1 expression and lead to cell fate transitions in valve
interstitial cells [36]. Mechanistically this is achieved by binding of
H19 to the Notch1 promoter region and thereby preventing the
recruitment of p53 to the Notch1 promoter. While the experiments
in this study were not done in a cancer context, this study could still
be of great interest, because H19 is overexpressed in numerous
types of cancer and the role of H19 in cancer initiation, progression
and metastasis is described extensively [37].
The lncRNA RAMP2-AS1 has been reported to reduce Notch3
expression in glioblastoma cell lines resulting in a Notch3 dependent decrease in cell proliferation in vitro and in a xenograft model
[38]. Although the authors did not show a direct interaction between RAMP2-AS1 and Notch3, they show that the binding of this
lncRNA to another protein, DHC10, is involved in mediating the
effects, but further research is needed to clarify its exact role in
Notch3 signaling.
Finally, a study by Wang et al. demonstrated that NALT (Notch1associated lncRNA In T-cell acute lymphoblastic leukemia 1) is
upregulated in the bone marrow of 20 pediatric T cell acute
lymphoblastic leukemia patients [39]. They showed that the
knockdown of NALT, which is located in close proximity to the
Notch1 gene, can decrease cell proliferation and expression of
Notch1 and Notch target genes to a similar extent as a g-secretase
inhibitor. They also demonstrated that NALT itself can act as a
transcriptional activator in a reporter system, indicating a cis-acting
regulation of Notch1 by NALT., but further studies are needed to
reveal the exact mechanisms involved.
4. LncRNAs acting as miRNA sponges to modulate Notch
signaling
One of the mechanisms how lncRNAs regulate the expression of
their target genes is by acting as ‘miRNA sponges’, which is the
sequestration of miRNAs and thereby modifying their effect on
target mRNAs [28,40]. LncRNAs acting as miRNA sponges have been
described during muscle development [41] or in embryonic stem
cells to maintain pluripotency [42] and since there are numerous
miRNAs involved in modulating the expression of genes involved in
the Notch signaling pathway [43], it is logical that lncRNAs have an
effect on Notch signaling by exploiting this mechanism. Recently, it
has been described that such a miRNA-lncRNA interaction regulates
Notch signaling and is involved in primate brain development [44].
In their study, Rani et al. showed that lncND (neurodevelopment)
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sequesters miR-143-3p to regulate Notch1 and Notch2, whereas
lncND knockdown results in Notch downregulation and differentiation of progenitor cells into neurons.
Recently, the effect of miRNA sponging by lncRNAs on Notch
signaling has also been described in a cancer context. HOTAIR (Hox
Antisense Intergenic RNA) modulates the expression of Notch3 by
sponging miR-613 in pancreatic cancer [45]. Cai et al. showed that
miR-613 has tumor-suppressive functions and represses Notch3,
whereas HOTAIR abrogates miR-613-induced effects. They further
demonstrated that HOTAIR knockdown inhibits xenograft tumor
growth and they showed that the downregulation of miR-613 and
the upregulation of HOTAIR can also be observed in pancreatic
cancer tissue samples. In another study in retinoblastoma, knockdown of HOTAIR also led to a downregulation of Notch signaling
and growth inhibition in vitro and in an in vivo xenograft model,
though without providing further mechanistic insight [46].
Consistent with those ﬁndings, HOTAIR overexpression activates
Notch signaling and increases cell proliferation in vitro and in vivo
in cervical cancer [47]. The oncogenic role of HOTAIR is described in
many cancers and in most cases involves the epigenetic regulation
of genes by binding of HOTAIR to Polycomb Repressive Complex 2
(PRC2) [48], but the role of HOTAIR as a miRNA sponge has been
described as well in several types of cancer [49,50].
In another study, it has been reported that the lncRNA HULC
(highly up-regulated in liver cancer) inhibits proliferation, migration,
invasion and promotes apoptosis by sponging miR-122 in osteosarcoma, whereby miR-122 inactivated PI3K/AKT, JAK/STAT and Notch
pathways by downregulation of HNF4G [51]. Given that the number
of observed ncRNA-miRNA pairs far exceeds the number of interactions that have been functionally validated [52] and the accumulating evidence of miRNAs regulating Notch signaling [43], it is
possible that many more lncRNAs are involved in ﬁne-tuning the
expression of Notch genes by their interaction with miRNAs.
5. Regulation of Notch ligand expression by lncRNAs
Just as lncRNAs can regulate the expression of the Notch receptors, they can also regulate the expression of the Notch ligands
to modulate Notch signaling. The lncRNA MALAT1 (Metastasisassociated lung adenocarcinoma transcript 1) has been reported to
interact with miR-124 to increase tongue cancer growth in vitro
and in vivo by modulating the expression of the Notch ligand
Jagged-1 [53]. MALAT1 has ﬁrst been described as a prognostic
marker for metastasis and patient survival in non-small cell lung
cancer [54] and has since been reported to be highly expressed in
several tumor types [32], the role of MALAT1 in lung cancer
metastasis has been revealed [55] and multiple mechanisms of
action including regulation of alternative splicing have been
described for this lncRNA [56].
The downregulation of Jagged-1 and a decrease in Notch activity
has also been reported after H19 silencing in colorectal cancer cells
[57]. Mechanistically, Ohtsuka et al. showed that H19 silencing
decreased the binding of b-catenin to the Jagged-1 promoter,
without having an effect on total or nuclear b-catenin protein
levels.
A downregulation of the notch signaling pathway through a
YAP-Jagged-1-Notch axis has also been suggested to be at least
partially responsible for growth inhibitory effects of linc-OIP5 in
glioma cells, but further research on the exact mechanisms is
necessary [58].
6. LncRNAs induced by Notch signaling
So far, we have described multiple ways how lncRNAs can inﬂuence Notch signaling activity. However, long non-coding RNAs
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can also be key downstream targets of oncogenic Notch signaling.
Using a genome-wide approach, Trimarchi et at. reported that 182
lncRNAs are signiﬁcantly downregulated after Notch inhibition in T
cell acute lymphoblastic leukemia (T-ALL), with 55% of the promoter regions of those lncRNAs directly bound by Notch1. They
further characterized Notch-regulated lncRNA LUNAR1 (leukemiainduced noncoding activator RNA 1), which interacts with the
IGF1R gene in a cis-regulatory manner and is required for efﬁcient
T-ALL tumor growth both in vitro and in vivo [59]. LUNAR1 was also
among the most robustly Notch-regulated lncRNAs in a different
study that also reported a signiﬁcant number of lncRNAs directly
regulated by Notch signaling in T-ALL cells and normal developing
thymocytes [60].
TUG1 (Taurine Upregulated Gene 1) has been identiﬁed as a
Notch-induced lncRNA that maintains stemness features of glioma
stem cells by antagonizing miR-145 and regulating SOX2 and MYC.
Furthermore, in the same study, it was shown that targeting TUG1
with conjugated antisense oligonucleotides administered intravenously in a xenograft tumor model reduced tumor growth, with
observed anti-tumor effects being stronger than those observed
after oral administration of a g-secretase inhibitor in the same
model [61].
While those studies demonstrate the potential biological signiﬁcance of lncRNAs as downstream targets of Notch signaling in a
disease context, there is also evidence that Notch-induced lncRNAs
play a role in physiologic processes. The lncRNA CARMEN (Cardiac
Mesoderm Enhancer-associated Noncoding RNA) is upregulated
after Notch activation and is involved in cardiomyocyte lineage
speciﬁcation of adult cardiac precursor cells by regulating miR-143
and miR-145 in a cis-regulatory manner [62].
7. Clinical signiﬁcance
The expression of lncRNAs is highly tissue- and cancer type
speciﬁc [19,31], which makes them potential biomarkers for early
cancer detection, diagnosis and prognosis. Genome-wide studies
have shown that lncRNAs are more speciﬁcally expressed than
protein-coding genes [23,31] and they can be detected in bodily
ﬂuids [63]. Another advantage of lncRNAs as biomarkers are readily
available methods for rapid and sensitive quantiﬁcation. A lncRNA
that is already used in the clinic is PCA3 (Prostate Cancer Antigen 3)
to determine the need for repeat prostate biopsy after negative
biopsy despite elevated PSA levels [64], exemplifying the feasibility
of using lncRNAs as biomarkers. Studies presented in this review
have identiﬁed large numbers of deregulated lncRNAs and hence
potential biomarkers, but one must keep in mind that most of those
studies were done in cell lines and it still has to be determined if the
expression of certain lncRNAs is similar in patient samples or
detectable in bodily ﬂuids and if the expression patterns are robust
enough to use them as biomarkers. Since lncRNAs are not only
cancer-speciﬁc but can also be subtype-speciﬁc [30], they might be
interesting biomarkers for patient stratiﬁcation in clinical trials.
Currently, predicting the response to Notch inhibitors in clinical
trials is challenging. First, that is because expression of Notch target
genes is highly context-speciﬁc and does not necessarily indicate
active Notch signaling, and second, it is because the detection of
cleaved NICD as an indicator of active signaling is limited to available antibodies that can be used in patient samples [14]. The potential of using a lncRNA as a marker to predict drug response has
already been suggested to be used in colorectal cancer, where
expression of CCAT1 can possibly predict response to JQ1, a
chemical inhibitor of bromodomain containing 4 (BRD4) [65].
However, further research will be necessary to determine if
lncRNAs can be better biomarkers compared to what is currently
proposed to be used to predict response to Notch inhibitors.

Many of the lncRNAs presented in this review have been reported to be able to modulate Notch signaling, which makes them
potential therapeutic targets. However, in most cases, the regulation of Notch signaling by lncRNAs is possibly not solely responsible
for dysregulated Notch activity, which is why modulating Notch
activity by targeting lncRNAs could be challenging. It might be
more interesting to select those lncRNAs for targeting that are both
downstream targets of Notch signaling and are responsible for the
observed oncogenic effects. By targeting those lncRNAs it might be
possible to observe antitumorigenic effects comparable to current
Notch inhibitors but without inﬂuencing physiologic Notch
signaling. However, there are many challenges ahead before strategies to target lncRNAs can be used in the clinic [66]. Those challenges include the localization of many lncRNAs in the nucleus,
which makes them difﬁcult to target, as well the challenges associated with efﬁcient and nontoxic delivery of siRNA or other oligonucleotides to the target tissue [67].
8. Conclusion
The Notch signaling pathway is a seemingly simple pathway
with only a few steps from binding of the ligand to a transcriptional
response. Nevertheless, Notch signaling is highly regulated in a
complex manner, which is why the outcomes of this pathway can
still be very diverse, depending on cellular context or signaling
dose. In the present review, we illustrated how lncRNAs can be
involved in modulating Notch activity and might be one of the
many factors that are responsible for achieving this great variability. However, this strong context dependence will also make it
difﬁcult to extrapolate the observed effects from one type of cancer
to another. This is especially true for effects induced by lncRNAs,
which themselves are highly cancer- and even subtype speciﬁc.
Many more studies will be necessary to validate the role of lncRNAs
in Notch signaling before they can be used as biomarkers or for
potential therapeutic applications.
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