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Abstract 

Background Melanoma is a highly heterogeneous cancer, in which frequent changes in activation of signaling 
pathways lead to a high adaptability to ever changing tumor microenvironments. The elucidation of cancer specific 
signaling pathways is of great importance, as demonstrated by the inhibitor of the common BrafV600E mutation 
PLX4032 in melanoma treatment. We therefore investigated signaling pathways that were influenced by neurotrophin 
NRN1, which has been shown to be upregulated in melanoma.

Methods Using a cell culture model system with an NRN1 overexpression, we investigated the influence of NRN1 
on melanoma cells’ functionality and signaling. We employed real time cell analysis and spheroid formation assays, 
while for investigation of molecular mechanisms we used a kinase phosphorylation kit as well as promotor activity 
analysis followed by mRNA and protein analysis.

Results We revealed that NRN1 interacts directly with the cleaved intracellular domain (NICD) of Notch1 and Notch3, 
causing a potential retention of NICD in the cytoplasm and thereby reducing the expression of its direct downstream 
target Hes1. This leads to decreased sequestration of JAK and STAT3 in a Hes1-driven phosphorylation complex. 
Consequently, our data shows less phosphorylation of STAT3 while presenting an accumulation of total protein levels 
of STAT3 in association with NRN1 overexpression. The potential of the STAT3 signaling pathway to act in both a tumor 
suppressive and oncogenic manner led us to investigate specific downstream targets – namely Vegf A, Mdr1, cMet - 
which were found to be upregulated under oncogenic levels of NRN1.

Conclusions In summary, we were able to show that NRN1 links oncogenic signaling events between Notch 
and STAT3 in melanoma. We also suggest that in future research more attention should be payed to cellular regulation 
of signaling molecules outside of the classically known phosphorylation events.
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Introduction
Malignant melanoma is known to be one of the most 
aggressive forms of skin cancer, mostly due to its very 
early metastasis, which often occurs in the brain [1]. The 
most important factor in survivability still remains early 
detection. A major breakthrough in melanoma treatment 
was the suite of kinase inhibitors, most notably the spe-
cific BrafV600E inhibitor PLX4032 (trade name Vemu-
rafenib) and the immune checkpoint inhibitors which 
target PD-1 or CTLA-4 [2]. Due to developing resistance 
mechanisms during kinase inhibitor treatment or pri-
mary resistance in the case of immune checkpoint inhibi-
tors, the search for new potential targets and an overall 
better understanding of melanoma development and 
progression is ongoing.

One approach is to investigate molecules that are 
important for the shared embryological cell fate between 
melanoblasts (the later melanocytes and originators 
of melanoma) and neurons, since both cell types arise 
from multipotent neural crest cells [3]. Furthermore, the 
network of involved signaling molecules is very simi-
lar between events of embryogenesis and the develop-
ment and progression of malignant melanoma. One 
promising molecule is Neuritin-1 (NRN1, also named 

candidate  plasticity gene 15), a member of the neuro-
trophin family known primarily from the brain. The 
cpg15 gene encodes the highly conserved protein NRN1 
which is 142-amino acids (aa) long. It contains both a 
predicted 27-aa secretory signal peptide at its N-ter-
minus and a glycosylphosphatidylinositol anchor at its 
C-terminus (aa 116). NRN1’s function was originally 
established for neuroprotection and regeneration [4, 5]. 
However, other described functions of NRN1 are also 
related to the research field of oncology. There is recent 
evidence that NRN1 expression may be upregulated in 
different tumor entities [6–9]. In a previous publication, 
we already investigated the role of NRN1 in melanoma 
functionally, both in vitro and in vivo. For melanoma we 
showed that NRN1 is involved in regulating migration, 
attachment-independent growth, and vascular mimicry 
[10]. Although some data has been assembled on NRN1 
in physiological and pathophysiological processes and for 
nervous system development and plasticity, few details 
exist on the possible presence of a membrane-bound 
receptor or intracellular signal transduction [11]. NRN1 
may be a potential ligand for the insulin receptor (IR) or 
the insulin-like growth factor type 1 receptor (IGF-1R) 
in granule neurons [12]. Furthermore, a co-localization 

Graphical Abstract



Page 3 of 17Devitt et al. Cell Communication and Signaling          (2024) 22:256  

of NRN1 to the tyrosine kinase A (TrkA) receptor was 
shown in dorsal root ganglia neurons [13]. To date, it is 
completely unclear whether NRN1 requires a receptor at 
all for signal transduction or whether its functions may 
be controlled purely from the cytoplasm. No receptor for 
NRN1 has yet been discovered in melanoma either.

Recently Zhang et  al. defined a role for NRN1 in the 
Notch signaling pathway. NRN1 interacts with the mole-
cule Neuralized E3 ubiquitin protein ligase 1 which inhib-
its Notch signaling and promotes neurite growth [14]. 
Notch signaling is ubiquitously found in all animal spe-
cies and plays a major role in early development and cell 
fate determination. In humans – and all other mammals 
– the signaling is achieved through 4 different receptors 
(Notch1-4) and 5 ligands (Delta-like 1, 3, 4; Jagged 1, 2), 
which are all located in the plasma membrane as trans-
membrane proteins. The interactions between receptor 
and ligand occur extracellularly, while the signal trans-
duction occurs through cleavage of the Notch intracellu-
lar domain (NICD) and its translocation into the nucleus 
for transcriptional activation of defined genes [15, 16]. In 
the nucleus NICD interacts with a transcriptional acti-
vation complex mainly comprised of the DNA-binding 
molecule RBP-J (also termed CBF1) and Mastermind-
like (MAML) protein. In this case e.g. hairy and enhanc-
ers of split (HES) family genes have been identified as 
downstream effector genes. Although RBP-J is accepted 
as the major effector for the canonical Notch, RBP-J 
independent non-canonical Notch signaling has also 
reported [17]. Notch signaling is known to contribute to 
melanoma progression [18], acting both as a tumor pro-
moter or suppressor depending on the cellular context 
[19–22]. Mikheil et al. showed that forced expression of 
NICD, the active form of Notch, was sufficient to induce 
apoptosis independently of MAPK pathway inhibition in 
melanoma cells, with both intrinsic and acquired resist-
ance to MAPK inhibitors [21]. Considering the onco-
genic role of Notch1 signaling in melanoma, a phase II 
trial using broad Notch signaling inhibitors surprisingly 
only showed minimal clinical activity against metastatic 
melanoma [19]. In general, melanoma research to date 
has been clearly focused on the analysis of Notch1 [23].

Current literature from oncology and neurology 
research links the Notch/HES1 pathway with fam-
ily of signal transducers and activators of transcription 
(STAT)-dependent signaling pathways. In particular, a 
direct protein interaction between HES1 and JAK/STAT 
has been postulated [23], and in glioblastoma multi-
forme it has been shown that inhibition of STAT leads 
to activation of Notch [24]. In the past, STAT signaling 
has been considered as activated upon phosphorylation 
of the STATs (pSTATs) at distinct sites through extra-
cellular molecules and ligands like growth factors and 

cytokines [25]. Activated (p)STAT1 and (p)STAT3 have 
often been assigned a role as oncogenic factors, including 
in melanoma [26, 27] whereas in prostate, lung and colo-
rectal carcinomas, tumor suppressive roles were associ-
ated with STAT3 function depending on the mutational 
context [28–31]. Interestingly, evidence has emerged of 
a potential second wave, phosphorylation-independent 
(non-canonical) signaling pathway induced by STATs 
[32]. Here, unphosphorylated STATs (uSTATs, no Y705 
or S727 phosphorylation) can shuttle in and out of the 
nucleus without phosphorylation playing a role [33]. 
In the nucleus uSTATs bind to NFκB subunit p65 (also 
unphosphorylated) and corresponding NFκB-DNA con-
sensus sequences or to the DNA motif M67 (a modified 
c-fos cis-inducible enhancer sequence) or to the gamma 
interferon activation site (GAS) promoter sequences 
(generically  TT4-5NAA) and are part of transcriptional 
processes [34–36]. Some of the targets are unique to 
uSTAT and some of them overlap with pSTAT signal-
ing [35, 37]. In addition, the literature already provides 
evidence for specific target genes of uSTAT, especially 
uSTAT3. Mras, Met, Rantes, IL6, and IL8 are targets of 
uSTAT3 after stimulation of the cells with IL6 [35], and 
for breast cancer and head and neck squamous cell car-
cinoma cyclinB1 and E2f1 were also described as targets 
of uSTAT3 [38]. In other investigations Jun activation 
domain-binding protein 1 (JAB1) was identified as a 
direct binding partner of uSTAT3, but not of pSTAT3, 
in the nucleus of colon carcinoma cells. Here the target 
genes were defined as Mdr1, Nanog, and Vegf [39].

Our latest research results link the functions of intracel-
lular NRN1 to the Notch and STAT3 signaling pathways 
in melanoma. We detected a retention of Notch-NICD 
in the cytoplasm of melanoma cells through interaction 
with NRN1. NRN1 then leads to extenuated transloca-
tion of NICD into the nucleus with the consequence of 
reduced expression of Hes1. The absence of Hes1 poten-
tially results in decreased sequestration of JAK and 
STAT3 in a Hes1-driven phosphorylation complex. Con-
sequently, our data show less phosphorylation of STAT3 
but rather accumulation of the total protein of STAT3 in 
melanoma. In summary, NRN1 is involved in the mainte-
nance of oncogenic STAT3 signaling.

Materials and Methods
Cell lines and cell culture conditions
All cell lines (Table 1) were incubated at 37 °C in an 8 % 
 CO2 humidified atmosphere [40]. All human cell lines 
have been authenticated using Short Tandem Repeat 
(STR) profiling within the last three years (DSMZ, 
Braunschweig, Germany and Multiplexion, Heidel-
berg, Germany). All experiments were performed with 
mycoplasma-free cells (MycoSEQ mycoplasma detection 
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system, Thermo Fisher Scientific, Waltham, Massachu-
setts, USA). Mel JuSo (RRID:CVCL_1403) and Mel JuSo 
cell clones (GFP, NRN1-GFP) were cultivated in RPMI 
1640 with 2 % sodium bicarbonate.

Paired organ/brain melanoma metastasis samples
Samples of paired organ and brain melanoma metastases 
were provided by Dana Westphal. The pair ZueMel1H/
ZueMel1 was a gift from Reinhardt Dummer to Heike 
Niessner, while TueMel32/TueMel32H were established 
by Heike Niessner [41]. The third pair was established as 
mentioned before [42].

Proteome Profiler Human Phospho‑Kinase Array Kit
The Phospho Proteome Profiler Kit (CAT# ARY003B; 
R&D Systems Inc, Minneapolis, USA) was performed as 
described in the manufacturer’s instructions using 200 μg 
protein lysate.

RNA isolation and reverse transcription
Isolation of total cellular RNA from cultured cells was 
performed with the E.Z.N.A.® Total RNA Kit I (Omega 
Bio-Tek, Norcross, GA, USA) according to the manufac-
turer’s instructions.

Generation of cDNAs by reverse transcription (RT) 
reaction was performed with the Superscript® II Reverse 
Transcriptase Kit (Thermo Fisher Scientific Inc, MA, 

USA) which was used according to the manufacturer’s 
instructions.

Analysis of mRNA expression
For the quantitative real time polymerase chain reaction 
(qRT-PCR) the Lightcycler® II 480 SYBR Green I Master 
Kit (Roche Diagnostics GmbH, Mannheim, Germany) 
was used. The PCR products formed were detected 
with SYBR Green I dye. The qRT-PCR was performed 
in 96-well microtiter plates (LightCycler® 480 Multiwell 
Plate 96, Roche Diagnostics GmbH) for each gene of 
interest in duplicates. qRT-PCR analysis of gene expres-
sion was performed on a LightCycler 480 system (Roche 
Diagnostics GmbH). Specific sets of primer sequences 
are listed in Table 2.

siRNA and plasmid transfection
All transient transfections were performed in 6-well 
plates. For knockdowns using siNRN1 pool (Gene ID: 
51299, siTools Biotech GmbH, Planegg, Germany) 1.5 x 
 105 cells were transfected with 5 nM siNRN1 pool while 
floating according to the  LipofectamineTM RNAiMAX 
(Thermofisher Scientific) protocol. Cells were then incu-
bated for 48 h and harvested. Plasmid (Table 3) transfec-
tions were performed on sitting cells (4 h or 16 h after 
seeding) using the  LipofectamineTM LTX Plus system 
(Invitrogen, Darmstadt, Germany) according to the pro-
vided protocol. Plasmid transfected cells were incubated 
for 24  -  48 h depending on the construct and subse-
quently harvested or used in further experiments.

Transfection experiments and reporter gene assay
1.5 x  105 cells/well were seeded into 6-well plates 
and transfected with 0.5 µg plasmid DNA using the 
 LipofectamineTM LTX Plus method according to the 
manufacturer’s instructions. The luciferase plasmids 
were used for the reporter gene assay. Transfection 
efficiency was normalized to renilla luciferase activity 
by cotransfecting 0.1 µg of the plasmid pRL-TK (Pro-
mega, Mannheim, Germany). The cells were lysed 16 
h after transfection and luciferase activities were deter-
mined. pHes1(467)-luc was a gift from Ryoichiro Kag-
eyama & Raphael Kopan (Addgene plasmid # 41723; 
http:// n2t. net/ addge ne: 41723 ; RRID:Addgene_41723) 
[43]. pMDR1-1202 was a gift from Kathleen Scotto 
(Addgene plasmid # 37627; http:// n2t. net/ addge ne: 
37627 ; RRID:Addgene_37627) [47]. pGL4.10-VEGF-
prom(-1000 to -1) was a gift from David Mu (Addgene 
plasmid # 66128; http:// n2t. net/ addge ne: 66128 ; 
RRID:Addgene_66128) [45]. Notch1 intracellular 
domain-pcw107-V5 was a gift from David Sabatini & 
Kris Wood (Addgene plasmid # 64622; http:// n2t. net/ 
addge ne: 64622 ; RRID:Addgene_64622) [46].

Table 1 Cell lines used for experiments including official 
identifiers and sources. Additional information about growth 
media and supplements for each cell line

ATCC  American Type Culture Collection, DSMZ Leibniz Institute DSMZ-German 
Collection of Microorganisms and Cell Cultures

MCF-7, SK-MEL-28, HEK293Z were cultivated in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with penicillin (400 units/ml), streptomycin 
(50 μg/ml) and 10 % fetal calf serum (all from Sigma-Aldrich, Steinheim, 
Germany). Mel JuSo cell lines were cultivated in Roswell Park Memorial 
Institute 1640 (RPMI 1640) medium supplemented with 2 % sodium 
bicarbonate, penicillin (400 units/ml), streptomycin (50 μg/ml) and 10 % fetal 
calf serum (all from Sigma-Aldrich, Steinheim, Germany)

https:// wistar. org/ resea rch- disco veries/ busin ess- devel opment/ resea rch- tools

Wistar cell lines were cultivated in MCDB153 (Sigma-Aldrich) with 20 % 
Leibovitz’s L-15 (PAA Laboratories, Coelbe, Germany), 2 % FCS, 1.68 mM  CaCl2 
(Sigma-Aldrich), and 5 µg/ml insulin (Sigma-Aldrich)

Cell Line Resource Identification 
Initiative
(Cellosaurus)

Source

MCF-7 CVCL_0031 ATCC, HTB-22

SK-MEL-28 CVCL_0526 ATCC, HTB-72

Mel JuSo CVCL_1403 DSMZ, ACC 74

HEK293T CVCL_0063 ?

SBcl2 CVCL_D732 Meenhard Herlyn
The Wistar Insti-
tute, Philadelphia, 
USA

WM9 CVCL_6806

http://n2t.net/addgene:41723
http://n2t.net/addgene:37627
http://n2t.net/addgene:37627
http://n2t.net/addgene:66128
http://n2t.net/addgene:64622
http://n2t.net/addgene:64622
https://wistar.org/research-discoveries/business-development/research-tools


Page 5 of 17Devitt et al. Cell Communication and Signaling          (2024) 22:256  

Western blot
As described previously [26], cell pellets were lysed in 
100 µl Radioimmunoprecipitation Assay buffer (RIPA) 
for 15 min at 4 °C. Cell fragments were removed by cen-
trifugation (13  000 rpm, 10 min, 4 °C), and the super-
natants were collected. 20 to 40 µg of total RIPA lysates 
were loaded onto polyacrylamide gels. After separation, 
the gel was blotted onto a PVDF membrane, and blocked 
for 1 h with either 5 % milk powder (MP)/TBS-T or 5 % 
bovine serum albumin (BSA)/TBS-T. Membranes were 
incubated in primary antibodies (Table 4) overnight at 4 
°C, diluted in 5 % MP/TBS-T or 5 % BSA/TBS-T. After 
washing three times with TBS-T, the membrane was 
incubated with a horseradish peroxidase (HRP)-coupled 
secondary antibody (anti-rabbit HRP or anti-mouse 
HRP, Cell Signaling Technology; 1 in 2  000 dilution in 
TBS-T) for 1 h. The immunoreactions were visualized 
by ECL staining (Bio-Rad, Feldkirchen, Germany). The 

densitometry was measured using the LabImage software 
(Kapelan Bio-Imaging, Leipzig, Germany).

Immunoprecipitation (IP)
For immunoprecipitation experiments, cells were trans-
fected with relevant plasmids (pcDNA, N1ICD-V5) 
and harvested after 48 h. Proteins were harvested using 
standard RIPA buffer lysis and prepared as 1 μg/μl solu-
tions in PBS. To avoid unspecific binding events, protein 
lysates were precleared with Protein G-Sepharose beads 
(VWR International, 17-0618-01) for 3 h at 4  °C while 
rotating. Afterwards the beads were discarded and super-
natants harvested by centrifugation (1 min at 2 000 rpm, 
4 °C). Supernatants were incubated with 0.8 μg antibod-
ies at 4 °C overnight while rotating, then 25 μl beads were 
added for another overnight incubation as before. Beads 
bound with antibody and proteins of interest were har-
vested by centrifugation as before, while supernatants 

Table 2 List of primer pairs used for qRT-PCR. Primer names with position number of RefSeq sequence, along with amino acids of 
forward (for) and reverse (rev) sequences

Primer Name Sequence for (5‘‑3‘) Sequence rev (5‘‑3‘)

hActinb 735 CTA CGT CGC CCT GGA CTT CGAGC 

hActinb 1119 TGG AGC CGC CGA TCC ACA CGG 

hNrn-1 for786 GGG CGA CAG CAT GGC CAA CT

hNrn-1 rev992 CCG CTG CCG CAG AGT TCG AA

hHes-1for_116 CCT CAG CAC TTG CTC AGT AGTT 

hHes-1rev_411 TCA GCT GGC TCA GAC TTT CAT 

hHey1 for1710 AGT TAG GAG AGA GCC GCT GA

hHey1 rev1896 AAT TGA CCA CTC GCA CAC CA

Vegf A for CAG CGC AGC TAC TGC CAT CCA ATC GAGA 

Vegf A rev GCT TGT CAC ATC TGC AAG TAC GTT CGT TTA 

hMdr1 for3534 CCA GAA ACA ACG CAT TGC CA

hMdr1 rev3821 GCC TGG ACA CTG ACC ATT GA

hcMet for4152 AAC CCG AAT ACT GCC CAG AC

hcMet rev4342 AGA AGG ATA CGG AGC GAC AC

Table 3 List of plasmids used for transduction or transfection of cells. Company of origin, producer and reference publications 
included along with description of vector content

Vector Company Producer Ref. Description

pCMV-NRN1-GFP Backbone and insert 
from Origene, Rockville, 
USA

Lucia Devitt - Lentiviral NRN1 overexpression construct, under CMV promotor, with GFP 
tag

pHes1(467)-luc RRID:Addgene_41723 Ryoichiro Kagey-
ama & Raphael 
Kopan

[43] ~513 bp of the Hes1 promoter in front of the luciferase gene

pMDR1-1202 RRID:Addgene_37627 Kathleen Scotto [44] MDR1 promoter in front of the luciferase gene

pGL4.10-VEGFprom RRID:Addgene_66128 David Mu [45] -1 000 to -1 bp of the Vegf A promoter in front of the luciferase gene

Notch1 intracellular 
domain-pcw107-V5

RRID:Addgene_64622 David Sabatini
& Kris Wood

[46] Physiological expression of N1ICD tagged with V5

pRL-TK Promega, Madison, USA - - Renilla luciferase under HSV-thymidine kinase promotor
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were discarded. Antibody-protein complexes were disso-
ciated from beads using 30 μl reducing Lämmli buffer at 
95 °C for 5 min. Proteins were analysed using polyacryla-
mide gels as described above. As secondary antibody, 
Veriblot (ab131366, abcam) was used at 1 in 500 dilution 
in 5 % MP/TBS-T.

Enzyme linked immunosorbent assay
The ELISA was performed as described in the manufac-
turer’s instructions (CAT #CSB-EL016088HU; Hölzel 
Diagnostika GmbH, Cologne, Germany).

Overexpression construct and lentiviral transduction
Packaging cells (HEK293T) were transfected with a 3‐
plasmid system. For transfections, 12 μg pCMVΔR8.2, 6 
μg pHIT G, and 12 μg plasmid DNA of interest (pCMV-
GFP and pCMV-NRN1-GFP) were combined with 
DMEM (without phenol red) and subsequently mixed 
with 24 μl Lipofectamine Plus (Invitrogen) to a final vol-
ume of 160 μl (mixture  A). Twenty microliters of Lipo-
fectamine LTX (Invitrogen) were mixed with 140 μl 
DMEM (without phenol red) and incubated for 10 min 
(mixture  B). After incubation, mixtures A and B were 
combined, incubated for 30 min at RT, and finally added 
to HEK293T cells, which were seeded the previous day 
in 10 ml high glucose DMEM into a 10 cm dish. Twenty‐
four hours later, lentiviral supernatants were collected 

and filtered (0.45 μm pore size) for the subsequent infec-
tion of target cells (Mel JuSo). Harvested pCMV-NRN1-
GFP supernatants were mixed with 1 volume Lenti 
Concentrator (Origene, cat# TR30025) for every 4 vol-
umes supernatant. Following incubation at 4 °C for 6 h, 
viral particles were harvested through centrifugation at 
3  500 g, 4 °C for 25 min and resuspended in 6 ml. The 
concentrated viral solutions were then added to the cells 
of interest for infection. The infected cells were incubated 
for 16 h, and the medium was subsequently changed to 
remove remaining virus particles.

Nuclear and cytoplasmic separation of protein
For subcellular fractionation, 1 x  106 cells were seeded 
in a T125 culture flask and detached by scraping after 
two days. In the case of RNAi-knockdown, floating cells 
were transfected with Lipofectamine™ RNAiMAX (Ther-
mofisher Scientific, Grand Island, New York, NK, USA) 
and medium was changed the next day. To separate 
nuclear and cytosolic proteins, cells were homogenized 
and fractionated as previously described [48].

Proliferation with the xCELLigence system
The xCELLigence System (Roche Diagnostics GmbH, 
Mannheim, Germany) is based on measurement of 
electrical impedance and permits real-time analysis of 
migration, and proliferation. E-plates were used and 

Table 4 List of antibodies used for Western blot and immunofluorescence experiments. Manufacturing company listed along with 
specific reference, as well as working solution dilutions

Antibody Company Reference Dilution (WB 
unless otherwise 
stated)

ACTINB Sigma Aldrich, Steinheim, Germany A5541 1 in 5 000

Alexa 555 Plus Invitrogen, Paisley, UK A32727 1 in 500

Alexa 647 Plus Invitrogen A32733/A32728 1 in 500

GAPDH Cell Signaling Technology, Frankfurt a. M. Germany #2118 1 in 1 000

GFP ThermoFisher Scientific, Dreieich, Germany A-11122 1 in 2 000

HES1 Cell Signaling Technology #11988 1 in 1 000

LAMINB2 Merck KGaA, Darmstadt, Germany MAB3536 1 in 1 000

NEURITIN 1 (NRN1) Santa Cruz Biotechnology, Heidelberg, Germany sc-365538 WB: 1 in 1 000
IF: 1 in 100

Notch3 Cell Signaling Technology #5276 1 in 1 000

N1ICD Cell Signaling Technology #4147 1 in 1 000

STAT1 Santa Cruz Biotechnology sc-464 WB: 1 in 1 000
IF: 1 in 200

Phospho-STAT1 Santa Cruz Biotechnology sc-8394 WB: 1 in 1 000
IF: 1 in 100

STAT3 Cell Signaling Technology #9139 WB: 1 in 1 000
IF: 1 in 500

Phospho-STAT3 Cell Signaling Technology #9145 WB: 1 in 1 000
IF: 1 in 500

V5 Cell Signaling Technology #13202 1 in 1000
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basic protocols recommended by the manufacturer were 
followed. 4 x  102 cells/well were counted for the prolif-
eration measurement. Impedance is represented by the 
relative and dimensionless parameter named cell index 
(CI). CI values =  Zi-Z0/15[Ohm]; where  Z0 = imped-
ance at the start of the experiment, and  Zi = imped-
ance at individual time points during the experiment. 
The normalized cell index (NCI) was calculated as the 
cell index  CIti at a given time point (ti) divided by the 
cell index  CInml_time at the normalization time point 
(nml_time). The slope is used to describe the steepness 
of a curve within a given time window (in our case: 70 h 
proliferation).

Clonogenic Assay (Proliferation)
The in vitro cell survival assay based on the ability of 
a single cell to grow into a colony was performed as 
described [49]. To investigate the ability of cancer cells to 
form colonies from a single cell, 500 cells of the investi-
gated cell lines were seeded into each chamber of a 6-well 
plate and incubated at the described culture conditions 
for 8 days. Afterwards, colonies were fixed with glutaral-
dehyde (6.0 % v/v) and stained with crystal violet (0.5 % 
w/v) for 25 min. Excess staining solution was removed, 
the wells washed until clear and the plates were scanned. 
The developed colonies were counted using the Olympus 
IX83 software.

GFP fluorescence measurement
Cell lines carrying GFP plasmids (Mel Juso GFP & Mel 
Juso NRN1-GFP) were seeded into a black 96 well plate 
with clear bottoms (Corning, New York, USA). Culture 
supernatant was transferred to fresh wells after defined 
times and measured using the ClarioStar plate reader 
(BMG Labtech, Ortenberg). Settings were as follows: 
excitation at 470 (± 15) nm, emission measured at 515 (± 
20) nm.

Spheroid formation assay
Cells were seeded into 96 well plate after coating with 
100 µl 1 % agarose at 4  000 cells/100  µl. After incuba-
tion times of 72 h the resulting spheroids were imaged 
and their diameter measured using the Olympus IX83 
software.

Migration assay
To assess migration, Boyden chambers were used, sepa-
rated by polycarbonate filters with a pore size of 8 µm. 
Filters were coated in gelatine (5 mg/l) for improved 
attachment. 4 x  104 cells were seeded into the top cham-
ber in serum free medium, with the lower chamber con-
taining fibroblast-conditioned medium (FCM). Boyden 
chambers were incubated at standard culture conditions 

for 4 h, after which the migrated cells on the lower side 
of the filter were fixed and stained. Through microscopy, 
10 fields of vision per filter were counted for cells. Experi-
ments were performed in triplicates.

Immunofluorescence staining
The staining procedure was previously described [40]. 
Used antibodies and concentrations are listed in Table 4.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 
software (GraphPad Software, Inc., San Diego, CA). This 
software was also used to create the graphs. The results 
are calculated as the mean ± SEM (range) or percent. 
Comparison between groups was determined using Stu-
dent’s t-test. A p-value < 0.05 (*: p<0.05) was considered 
statistically significant (n.s.: not significant).

Results
NRN1 functions as oncogene
NRN1 is expressed in different cancer entities (https:// 
www. prote inatl as. org/ ENSG0 00001 24785- NRN1/ patho 
logy; December 2023), to the highest degree in glioma, 
breast cancer and melanoma (Fig. 1a). As investigated in 
our previous publication NRN1 expression is higher in 
melanoma than in normal human epidermal melanocytes 
[10]. Within melanoma itself, NRN1 expression seems to 
be varied between different cell lines, shown exemplarily 
in Fig.  1b. Previous data also showed that there was no 
clear correlation between NRN1 protein levels and tumor 
stage in melanoma. Kunz et  al. performed a compre-
hensive RNA-Seq analysis of laser-microdissected mel-
anocytic nevi and primary melanoma samples derived 
from paired tissue samples of the same patient (n = 10) 
[50]. What could be shown in  vivo, is an upregulation 
of NRN1 mRNA levels from nevi to primary melanoma 
(Fig.  1c). Therefore, NRN1 seems to play a role in early 
melanoma development.

Interestingly, there also seems to be a connection 
between NRN1 and melanoma brain metastasis. We ana-
lyzed the mRNA expression level of NRN1 by qRT-PCR 
in paired samples of primary cell lines generated out of 
brain metastasis and organ metastasis from tissues of the 
same patient [51]. The expression of NRN1 in melanoma 
brain metastasis is slightly elevated compared to organ 
metastasis (Fig.  1d). Furthermore, we analyzed serum 
from melanoma patients (n = 38) by ELISA measure-
ment. NRN1 can be found in significantly increased levels 
in the serum of melanoma patients with brain metastases 
(Fig.  1e). In a cohort of melanoma TCGA (The Cancer 
Genome Atlas) data, a high expression of NRN1 leads to 
a decrease in probability of survival (Fig. 1f ). In summary, 

https://www.proteinatlas.org/ENSG00000124785-NRN1/pathology
https://www.proteinatlas.org/ENSG00000124785-NRN1/pathology
https://www.proteinatlas.org/ENSG00000124785-NRN1/pathology
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Fig. 1 Neuritin-1 expression in different cancers, progression states and in vivo. a Comparison of NRN1 RNA expression based on TCGA (The 
Cancer Genome Atlas) data sets of different cancers. Fragments per kilo base of transcript per million mapped reads (FPKM) displayed for cancer 
entities. Minimum of 134 samples (testis cancer) and maximum of 1075 samples (breast cancer) per entity. b NRN1 protein expression in cancer 
cell lines. Western blot of basal NRN1 protein levels of cell lines HTZ19d, MCF-7, Sbcl2 and WM9. GAPDH was used as equal loading control. c 
NRN1 reads in RNA sequencing of nevi-melanoma pairs. Number of reads for 10 paired sample sets from nevi and melanoma site of patients. Data 
obtained from Kunz et al., 2018 (GSE112509). Graph displays individual values of paired samples. Two groups were statistically analysed using paired 
Students t-test. * = p < 0.05, ns = p > 0.05. d qRT-PCR expression analysis of NRN1 in paired organ and brain metastasis cell lines. mRNA expression 
was normalized to β-actin. Samples were provided by Dana Westphal, Dresden. Graph displays individual values of paired samples. Two groups were 
statistically analysed using paired Students t-test. * = p < 0.05, ns = p > 0.05. e NRN1 levels in sera of melanoma patients. Concentration measured 
through ELISA in sera of melanoma patients with or without brain metastases. Patient sera obtained from Annette Paschen and the Dermatological 
Department at FAU. Graph displays individual values along with mean ± SEM. Two groups were statistically analysed using unpaired Students t-test 
unless stated otherwise. * = p < 0.05, ns = p > 0.05. f Kaplan-Meier survival curve analysis was performed using the GEPIA2 database for a TCGA Skin 
Cutaneous Melanoma (SKCM) dataset. The survival curve is depicted for the total patient cohort separated into `low NRN1` (black) versus `high 
NRN1` (grey) group (p = 0.1034)
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these data point towards NRN1 playing an important 
oncogenic role in cancer, and melanoma especially.

To establish a model system of the elevated NRN1 
expression in melanoma, we generated a stable over-
expression cell line using the melanoma cell line Mel 
JuSo (with a comparatively low NRN1 expression). 
A CMV::NRN1-GFP (NRN1-GFP) construct or a 
CMV::GFP (GFP) control were transduced using a lenti-
viral system. The positive population was bulk sorted by 
its GFP signal by FACS (FACS core facility, FAU Erlan-
gen). The overexpression and long-term stability were 
analysed on both the mRNA level for NRN1 (Fig. 2a) and 
indirectly on the protein level using a GFP antibody to 
detect both the free GFP in the control cell line as well 
as the (shifted by ~13 kDa) NRN1+GFP in the NRN1 
overexpression cell line (Fig.  2b). To confirm the NRN1 
protein overexpression more directly we also performed 
Western blotting using an antibody against NRN1 (Sup-
plementary Figure  1a). Immunofluorescence analysis of 
the GFP fluorescence signal visualizes the NRN1 overex-
pression in the cytoplasm of the NRN1-GFP cell clone. 
By using a specific anti-NRN1 antibody we confirm an 
endogenous and cytoplasmic NRN1 expression in the 
GFP control and in the NRN1 overexpressing cell clone 
(red). The cytoplasmic NRN1 overexpression is under-
lined by the distinct overlap of the anti-NRN1 immu-
nofluorescence with the GFP signal (orange-yellow) 
(Fig. 2c). The (NRN1-)GFP signal in the NRN1-GFP cell 
line was also localized differently than the free GFP in the 
control cell line. The NRN1-GFP protein did not enter 
the nucleus, but was rather found in the cytoplasm while 
still seeming to concentrate around the nucleus. Free 
GFP seemed to be located both in the nucleus and ubiq-
uitously in the cytoplasm (Fig. 2c). Since NRN1 has been 
shown to be secreted as well, we investigated our model 
system for secretion of NRN1-GFP into the extracellu-
lar space. Neither the measurement of GFP fluorescence 
in cultured cell supernatants (Fig.  2d) nor the ELISA 
for NRN1 (Fig.  2e) showed any significant difference in 
extracellular NRN1 level, indicating that NRN1 was not 
secreted to a higher degree by the overexpression cell 
line. We therefore concluded that all functional and sign-
aling effects were due to intracellular NRN1 alone. For 
functional validation of our model system, we performed 
experiments that had been used to investigate the cells’ 
functionality with short interfering RNA against NRN1 
(siNRN1) in our previous publication [10]. An increase in 
proliferation was caused by NRN1-GFP overexpression 
(Fig. 2f ), measured using the xCELLigence real time cell 
analysis (RTCA) system. In addition, we performed a clo-
nogenic assay, in which a low number of cells is seeded 
to test each cell’s individual ability to divide “eternally” 
and thereby form a colony. In line with the increased 

proliferation rate, the NRN1-GFP cell clone showed an 
increased clonogenicity compared to the GFP control 
(Fig. 2g). To further investigate the direction of increased 
growth and replication potential, we performed a tumor 
spheroid formation assay in 3D cell culture. In line with 
the increased proliferation and clonogenicity, the NRN1-
GFP cell clone spheroids were significantly larger than 
the GFP spheroids after 72  h (Fig.  2h). Analyzing the 
potential for migration in Boyden chamber assays, no 
significant difference was detectable between the con-
trol and NRN1-GFP cell clone (Fig. 2i). In summary, our 
established model system was able to show increased 
NRN1 expression leading to increased proliferation, clo-
nogenicity and spheroid formation, all due to the signal-
ing effects of intracellular NRN1 alone.

NRN1 and its association with Notch signaling
Trying to elucidate the molecular mechanisms of NRN1 
signaling in melanoma cells, recent literature [14, 52, 53] 
has established a connection with Notch signaling. Using 
multiple different avenues of investigation, we evaluated 
the activity of Notch signaling in the NRN1-GFP over-
expression cell line. mRNA levels of Notch downstream 
target Hairy and Enhancer of Split 1 (HES1) showed a sig-
nificant decrease in the NRN1-GFP cell clone compared 
to the control GFP cell clone using qRT-PCR (Fig.  3a). 
We also investigated the second classical downstream 
target of Notch, Hes related family bHLH transcription 
factor with YRPW motif 1 (HEY1). Here, we could see no 
significant effect of the NRN1-GFP overexpression on 
HEY1 mRNA levels (Fig. 3a). We further confirmed the 
decreased levels of HES1 on both the protein level using 
Western blot (Fig.  3b) and on the direct transcriptional 
level (Fig.  3c) using a luciferase-based reporter system. 
Interestingly, the downregulation of HES1 protein could 
be shown clearly in nuclear fractions of cellular extract 
(Fig.  3d), which was also true for Notch1 intracellular 
domain (N1ICD), the classical Notch signaling effector 
(Fig.  3e). These experiments were then repeated using 
siNRN1 knockdown of the NRN1-GFP overexpression, 
to further confirm the effect was due to NRN1 directly. 
In the siNRN1 knockdown, Hes1 transcription, protein 
levels and promoter activity were all increased (Fig. 3f-h), 
confirming the inhibitory effect of NRN1 on Notch sign-
aling in melanoma.

Focusing on a potential direct interaction between 
NRN1 and the Notch signaling pathway in the cytoplasm, 
we investigated whether NRN1 was able to bind to Notch 
intracellular domains. For immunoprecipitation experi-
ments, pcDNA (control transfection) and N1ICD-V5 
plasmids were transfected into NRN1-GFP cells. Pro-
tein lysates were then incubated with following antibod-
ies bound to G-Sepharose beads: rabbit IgG as isotype 
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Fig. 2 Characterization of overexpression cell line – NRN1 expression and functional analyses. a Analysis of NRN1 mRNA levels in GFP 
and NRN1-GFP cell lines through qRT-PCR. Expression levels normalized to housekeeper β-actin. GFP set to 1. b Protein expression validation 
of NRN1-GFP through Western blot. Example blot of GFP and NRN1-GFP cell line protein extracts, probed with GFP primary antibody. Equal loading 
was controlled with β-actin primary antibody. c Immunofluorescence of fixed cells against NRN1. Intrinsic GFP fluorescence (green) with NRN1 
primary antibody staining (red) and overlay including nuclear DAPI staining (blue). The bar in the overlay represents 20 µm. d GFP fluorescence 
measurement in cell culture supernatant. GFP fluorescence was measured at 515 nm. e ELISA for NRN1 with cell culture supernatants. Absorbance 
of staining solution was measured at 450 nm. f Proliferation analysis of model cell lines using RTCA. Proliferation was compared by slope. Growth 
curves of normalized cell index for GFP and NRN1-GFP. g Clonogenic assay of GFP and NRN1-GFP. Analysis of clonogenic ability of model system 
cell lines. GFP set to 1. Representative images of colonies 8 days after seeding, fixed and stained using crystal violet. h Spheroid formation on agar. 
Comparison of spheroid diameter of GFP and NRN1-GFP cells after 72 h. GFP set to 1. Representative images of spheroids after 72 h. i Migration 
analysis of cell lines using Boyden chambers. Comparison of number of migrated cell per visual field for GFP and NRN1-GFP. All graphs are displayed 
as mean ± SEM. Two groups were statistically analysed using unpaired Students t-test unless stated otherwise. * = p < 0.05, ns = p > 0.05
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control, V5 for precipitation of N1ICD-V5 bound pro-
teins and Notch3 for precipitation of endogenous N3ICD 
along with any bound proteins. Western blots for separa-
tion of immunoprecipitated fractions were probed with 
GFP antibody for detection of NRN1-GFP. Subsequent 
probing with V5 and Notch3 antibody was used as both 
internal control for pulldown and to detect a potential 
shift of signal induced by binding of NRN1-GFP (Fig. 3i). 
In N1ICD-V5 transfected cells pulled with V5 we saw a 
signal at around 110 kDa using the V5 antibody on the 
Western blot, while we also saw that signal upon prob-
ing with NOTCH3 antibody. Through this we were able 
to show a direct interaction of NRN1 and NICD.

NRN1 and its role in STAT3 signaling
To further unravel NRN1-influenced signaling in mela-
noma and other malignancies, we used a pre-spotted 
array of important phosphorylated proteins involved in 
several different major cellular signaling pathways. Using 
cell lysate as specified in the manufacturer’s protocol, the 
GFP and NRN1-GFP cell clones were compared for the 
phosphorylation – and implied activation – of 37 dif-
ferent kinases and two additional proteins. AKT1/2/3, 
CREB, GSK or p38 are examples of proteins unchanged 
in their activity (data not shown). Interestingly, we found 
several phosphorylation sites of kinases to be downregu-
lated in the NRN1-GFP line compared to the GFP control 
line (Fig. 4a). What piqued our interest was the fact that 
the phosphorylation on both sites of STAT3 – Y705 (50 
% reduction of phosphorylation) and S727 – was down-
regulated, as well as Y701 on STAT1. We tried to confirm 
this first glimpse by independent Western blot analyses 
of both whole STAT3 and specific pY705-STAT3 in total 
protein lysate. Surprisingly, here we saw an overall upreg-
ulation of the total protein amount of STAT3 (Fig.  4b), 
whereas pY705-STAT3 was downregulated (Fig.  4b). In 
summary, the reduced phosphorylation of STAT3-Y705 

after NRN1 overexpression, seen in the phospho-kinase 
array was confirmed and particularly reaffirmed, as the 
total protein content of STAT3 even increases.

We were however unable to confirm the downregula-
tion of pSTAT1 of the phospho-kinase array through 
Western blot, instead seeing a potential upregulation in 
relation to whole STAT1 (Fig.  4c). Using immunofluo-
rescence of GFP and NRN1-GFP cell clones for STAT3 
we confirmed the upregulation of total STAT3 in the 
cytoplasm (Supplementary Figure  2a) and the nucleus 
(Fig.  4d). We sought to confirm these results in nuclear 
fractions of protein extracts as well using both the 
pSTAT3 and total STAT3 antibodies. Seeing as there was 
less phosphorylated STAT3 (both relative to LaminB2 
and total STAT3; Fig.  4e) and an unchanged amount of 
total STAT3 (Fig.  4f ), we investigated the possibility of 
unphosphorylated STAT3 (uSTAT3) being responsible 
for the observed changes and signaling in the NRN1-GFP 
overexpression cell line. For STAT1, only a small down-
regulation of pSTAT1 with unchanged levels of whole 
STAT1 could be shown (Supplementary Figure  2b). We 
therefore concluded that the effects were due to the 
STAT3 axis.

Since the field of uSTAT3 signaling is still compara-
tively new and not well established in melanoma spe-
cifically, we analysed several different potential targets, 
which had already been described to be specific for 
uSTAT3 in other malignancies [35, 39]. We saw an 
upregulation of vascular endothelial growth factor A 
(VEGF A) on both mRNA and promotor level (Fig. 5a, 
b). Similarly, MDR1 was also upregulated based in 
mRNA (Fig.  5c) and promotor analysis (Fig.  5d), 
where the latter was reversible by siNRN1 knock-
down in NRN1-GFP overexpression cell line (Fig.  5e). 
On mRNA level alone, we could see an upregulation 
of cMet (Fig.  5f ) in the NRN1-GFP overexpression 
cell line. Through these downstream targets, we were 

(See figure on next page.)
Fig. 3 Notch signaling and downstream targets in overexpression cell line and under knock-down. a qRT-PCR of mRNA expression levels of Hes1 
and Hey1. Comparison of Notch downstream target expression between GFP and NRN1-GFP. Expression levels normalized to β-actin. GFP set to 1. 
b Protein expression of HES1. Analysis of protein levels of HES1 in GFP and NRN1-GFP cell lines through Western blot. Equal loading was controlled 
with GAPDH primary antibody. GFP set to 1. c Luciferase assay for analysis of Hes1 promotor activity. Comparison of Hes1 promotor activity 
between GFP and NRN1-GFP. Measurements normalized to transfection control pRL-TK. GFP set to 1. d Protein expression of N1ICD in nuclear 
extracts. Western blot of nuclear fractions comparing GFP and NRN1-GFP. Equal loading was controlled with LaminB2 primary antibody. GFP set 
to 1. e Protein expression of HES1 in nuclear extracts. Western blot of nuclear fractions comparing GFP and NRN1-GFP. Equal loading was controlled 
with LaminB2 primary antibody. GFP set to 1. f Analysis of mRNA levels of Hes1 under siNRN1 knock-down. qRT-PCR comparing siCTR and siNRN1. 
Expression levels normalized to β-actin. siCTR set to 1. g Luciferase assay for analysis of Hes1 promotor activity under siNRN1 knock-down. 
Comparison of Hes1 promotor activity between siCTR and siNRN1. Measurements normalized to transfection control pRL-TK. siCTR set to 1. h 
Protein expression of HES1 under siNRN1 knock-down. Comparing protein levels of HES1 in siCTR and siNRN1 lysates through Western blot. 
Equal loading was controlled with β-actin primary antibody. siCTR set to 1. i Immunoprecipitation of NRN1-GFP lysates after transfection (control, 
N1ICD-V5). Lysates were pulled with IgG, V5 and Notch3 antibody. Western blot was probed with V5 primary antibody, Notch3 primary antibody 
and GFP primary antibody. Detected interaction complexes are denoted by black arrow. All graphs are displayed as mean ± SEM. Two groups were 
statistically analysed using unpaired Students t-test unless stated otherwise. * = p < 0.05, ns = p > 0.05
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Fig. 3 (See legend on previous page.)
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able to confirm an upregulation of the non-canonical 
uSTAT3 signaling linked to NRN1-GFP overexpres-
sion. Interestingly, JAB1 could be involved in this tar-
get gene regulation by NRN1, since JAB1 could be a 

binding partner for uSTAT3 in the nucleus to regulate 
the transcription of target genes. Our data showed that 
NRN1 also induces JAB1 protein levels (Supplementary 
Figure 2c).

Fig. 4 Influence of NRN1 overexpression on STATs and their phosphorylation status. a Downregulated targets of phosphospot array comparing GFP 
and NRN1-GFP lysates. Phosphorylation status of kinases and proteins with downregulation relative to GFP. Visualization line marks 0.5x fold change. 
GFP set to 1. b Protein expression levels of STAT3 and pSTAT3. Validation of phosphospot results using Western blot of whole cell lysates of GFP 
and NRN1-GFP. Equal loading for STAT3 was controlled by β-actin primary antibody. pSTAT3 expression was normalized to STAT3 expression. GFP 
set to 1. c Protein expression levels of STAT1 and pSTAT1 through Western blot. Comparison of STAT1 and pSTAT1 expression in whole cell lysates 
between GFP and NRN1-GFP. Equal loading for STAT1 was controlled by β-actin primary antibody. pSTAT1 expression was normalized to STAT1 
expression. GFP set to 1. d Immunofluorescence of fixed cells against STAT3. GFP and NRN1-GFP with STAT3 primary antibody (red) and as overlay 
with intrinsic GFP (green) and nuclear stain DAPI (blue). Measurement of mean grey scale intensity of STAT3 fluorescence signal in nuclei (ROI 
defined by DAPI signal) comparing GFP with NRN1-GFP. e Protein expression analysis of pSTAT3 and STAT3 in nuclear extracts of GFP and NRN1-GFP. 
Western blot with pSTAT3 and STAT3 primary antibodies. LaminB2 primary antibody was used to control equal loading. Analysis of expression levels 
of pSTAT3 in nuclei, normalized to LaminB2 or STAT3 expression. Analysis of expression levels of STAT3 in nuclei, normalized to LaminB2. GFP set to 1. 
All graphs are displayed as mean ± SEM. Two groups were statistically analysed using unpaired Students t-test unless stated otherwise. * = p < 0.05, 
ns = p > 0.05
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Discussion
Since malignant melanoma represents a tumor derived 
from a unique lineage, sharing the ancestry of the neu-
ral crest with other cell types such as neurons, the 
investigation of cellular programming causing the 
switch to malignancy has often been driven in this 
direction. The protein NRN1 (also CPG15) was first 
identified in a screen investigating genes related to 
neuronal plasticity [4]. The first data regarding NRN1 
showed an effect on neurite regeneration and dendrite 
outgrowth [54, 55]. This protein has since been impli-
cated in several different cancers, where it was found to 
be overexpressed [56]. Since we could already show this 
overexpression of NRN1 in melanoma [10], we used an 
intracellular overexpression system to elucidate some 
of the signaling pathways and cellular functions NRN1 
is involved in. Since our in vitro model did not lead to 
increased secretion of NRN1, all effects investigated 
were due to intracellular NRN1. More availability of 
NRN1 intracellularly did not seem to lead to an upregu-
lation of the secretion apparatus of the cells.

Notch signaling has already been implicated in sev-
eral different malignancies, with varying outcomes, 
however. This signaling pathway has been found to 
act in both a tumor suppressive [57] and an onco-
genic way [58] in different cancers. The regulation and 
downstream effects of Notch are highly tissue specific 
and depend on cellular context in general. The Notch 
signaling pathway exerts its effects through two main 
transcription factors, HES1 and HEY1, which act as 
transcriptional repressors for a multitude of genes. We 
focused our investigations on HES1 and HEY1 and not 
on the other existing variants, since they are the most 
transcribed variants in human cells and cancers [59] 
and are generally the most expressed in melanoma cell 
lines specifically [18]. HES1 and HEY1 take on differ-
ent roles through binding of different corepressors 
[60] as well as differences in the preference for DNA 
binding sites [60, 61]. Our data showing a downregu-
lation of Notch signaling along the N1ICD-HES1 axis 
due to high NRN1 expression astonishingly suggest 

Fig. 5 Expression of STAT3 targets under NRN1 overexpression. a qRT-PCR analysis of mRNA expression of Vegf A. Comparison of GFP 
and NRN1-GFP. Expression levels normalized to β-actin. GFP set to 1. b Vegf A promotor activity analysis. Luciferase-based assay comparing 
Vegf A promotor activity of GFP and NRN1-GFP cells. Measurements normalized to transfection control pRL-TK. GFP set to 1. c mRNA analysis 
of Mdr1 in GFP and NRN1-GFP cells through qRT-PCR. Expression levels normalized to β-actin. GFP set to 1. d Mdr1 promotor activity analysis 
using Luciferase-based assay comparing GFP and NRN1-GFP cells. Measurements normalized to transfection control pRL-TK. GFP set to 1. e Mdr1 
promotor activity analysis using Luciferase-based assay comparing siCTR and siNRN1 knockdown cells. Measurements normalized to transfection 
control pRL-TK. siCTR set to 1. f cMet mRNA expression analysis using qRT-PCR of GFP and NRN1-GFP. GFP set to 1. All graphs are displayed as mean 
± SEM. Two groups were statistically analysed using unpaired Students t-test unless stated otherwise. * = p < 0.05, ns = p > 0.05
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a tumour-suppressive role of the NRN1-Notch-Hes1 
interaction in the skin and melanoma development 
especially [57].

The STAT signaling axis has been well studied in can-
cers, especially its activation through phosphorylation 
and subsequent dimerization. The constitutive activa-
tion of this pathway has been shown to contribute to 
essential characteristics of malignant cells, like prolif-
eration, survival and epithelial-mesenchymal transition 
[62]. Apart from the classical activation through tyrosine 
phosphorylation, other modes of cellular regulation have 
emerged. First among them, phosphorylation of serine 
727 on STAT3 leads to a rerouting of cellular localiza-
tion from the nucleus to the mitochondria [63]. Another 
alternative signaling pathway has been defined as the 
regulation of gene expression through unphosphorylated 
STAT3 [35, 38]. This has been shown to occur as a second 
wave of gene expression after canonical STAT3 activation 
through IL6 stimulation [35], targeting a unique subset of 
genes such as mRas and cMet. In another study, uSTAT3 
was shown to interact with JAB1 for pSTAT3 independ-
ent regulation of genes like MDR1, Nanog and VEGF 
[39]. According to our findings of reduced pSTAT3 levels 
in our NRN1 overexpression model, we investigated the 
role of NRN1-modulated uSTAT3 signaling and found 
an increase of uSTAT3 specific target genes. We did also 
investigate the role of STAT1, since its phosphorylation 
was shown to be downregulated in the phospho-kinase 
array as well. However, we couldn’t find any significant 
difference in pSTAT1 or STAT1 levels, both in whole cell 
extracts or nuclear extracts, leaving us to conclude that 
the effects observed were mainly due to uSTAT3.

Previous studies have already shown a direct interac-
tion between the Notch and STAT signaling pathways 
[23, 64, 65]. In COS-1 cells, HES1 was found to increase 
the phosphorylation of STAT3 through binding and sub-
sequent recruitment of the responsible kinase JAK1 [23]. 
Considering the fact that in our model system of high 
NRN1 expression in melanoma we saw a direct binding 
of NRN1 to N1ICD and N3ICD, we hypothesize a reten-
tion of the Notch intracellular domains in the cytoplasm 
through NRN1. This then causes the decrease in nuclear 
NICD levels, consequently leading to the decrease 
in HES1 transcription. Similarly to the mechanism 
described in the previously mentioned publication, the 
NRN1-induced lower HES1 levels would therefore lead 
to a decrease in STAT3 phosphorylation through lack of 
binding and more uSTAT3 signaling as observed in our 
model system.
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Additional file 1: Supplementary Figure 1. a: Analysis of NRN1 protein 
levels in GFP and NRN1-GFP cell lines through Western blot. Immunoblot 
probed with primary NRN1 antibody Expression levels normalized to 
primary β-actin antibody. GFP set to 1. n = 2. Graph is displayed as mean ± 
SEM. Two groups were statistically analysed using unpaired Students t-test 
unless stated otherwise. * = p < 0.05, ns = p > 0.05.

Additional file 2: Supplementary Figure 2. a Immunofluorescence of 
fixed cells against STAT3. Measurement of mean grey scale intensity of 
STAT3 fluorescence signal in cytoplasm comparing GFP with NRN1-GFP. b: 
Protein expression analysis of pSTAT1 and STAT1 in nuclear extracts of GFP 
and NRN1-GFP. Western blot with pSTAT1 and STAT1 primary antibodies. 
LaminB2 primary antibody was used to control equal loading. Analysis 
of expression levels of pSTAT1 in nuclei, normalized to LaminB2. Analysis 
of expression levels of STAT1 in nuclei, normalized to LaminB2. GFP set 
to 1. c: Protein expression of JAB1 through Western blot. Example blot of 
GFP and NRN1-GFP cell line protein extracts, probed with JAB1 primary 
antibody. Equal loading was controlled with β-actin primary antibody. 
All graphs are displayed as mean ± SEM. Two groups were statistically 
analysed using unpaired Students t-test unless stated otherwise. * = p < 
0.05, ns = p > 0.05.
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