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Abstract 

Background: Targeted therapy of Neurofibromatosis type 1 (NF1) related plexiform neurofibroma (pNF) 
aiming at MEK molecule has not demonstrated a convincing result for complete disease inhibition, probably due 
to other signal pathways crosstalk. Our previous study revealed an increased nuclear translocation of YAP 
molecule in NF1 related pNF. Herein, we decided to further investigate the therapeutic relations of YAP 
interference during the MEK treatment against NF1 related pNF. 
Methods: By means of selumetinib (MEK-inhibitor), RNA-sequencing was firstly performed to identify the 
changes of signal pathways in pNF Schwann cells, which was probably related to YAP regulation. 
Nuclear-cytoplasmic fractionation and western blotting were performed to show the intracellular YAP changes 
under selumetinib treatment. Thirdly, a series of in vitro assays were performed including flow cytometry, 
CCK-8, and colony/sphere formation under dual treatment of selumetinib and verteporfin (YAP-inhibitor). In 
addition, Chou-Talalay method was adopted to evaluate the synergistic inhibiting effects of such drug 
combination. Xenograft study was also used to detect the combining effects in vivo. 
Results: RNA-sequencing revealed that selumetinib treatment might be associated with the undesirable 
activation of Hippo pathway in NF1 related pNF tumor cells, which might reduce its pharmaceutic effects. 
Next, nuclear-cytoplasmic fractionation and further studies demonstrated that selumetinib could promote the 
nuclear translocation and transcriptional activation of YAP in vitro, which might cause the aforementioned 
resistance to selumetinib treatment. Additionally, when combined treatments were performed based on 
verteporfin and selumetinib, synergistic effects were observed on cytotoxicity of NF1 related pNF tumor cells 
in vitro and in vivo xenograft models. 
Conclusion: YAP inhibition can effectively sensitize NF1 related pNF tumor cells to selumetinib. Dual 
targeting of YAP and MEK might be a promising therapeutic strategy for treating NF1 related pNF. 
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Introduction 
Neurofibromatosis type 1 (NF1) is an inherent 

tumor predisposition syndrome, with an incidence 
frequency of 1/3000 worldwide [1, 2]. Approximate 
90% of the patients ultimately develop cutaneous 
and/or plexiform neurofibromas (pNFs) [3]. pNFs are 
benign perineural Schwann cell tumors [4] and can 
cause severe substantial complications. Unlike 

cutaneous neurofibromas, it has a lifetime risk [8-13%] 
to malignant transformation [5]. pNF is usually 
considered as the greatest burden for NF1 patients, 
causing severe deformity and dysfunction, yet with 
no effective treatment strategy so far. Aggressive 
surgical removal of neurofibroma is usually not 
etiotropic, and tumor regrowth can be found after 
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inappropriate surgical resection [6, 7]. In an attempt to 
cure the disease, attention has been recently shifted 
towards targeted or biologic therapy. Within all the 
changed signals in such disease, the overactivation of 
the Ras/MAPK pathway, which caused by NF1 
mutation is widely acknowledged for its role in 
tumorigenesis. Therefore, etiologically speaking, 
targeting the Ras pathway with MAPK kinase (MEK) 
inhibition seems to be a rational treatment strategy 
[8]. Based on this hypothesis, selumetinib, which 
inhibits MEK molecule, was firstly approved for 
treating young patients (≥2 years old) with 
symptomatic and inoperable pNF by the FDA in 2020 
(NCT01362803) [9, 10]. The results indicated about 
68% of patients shows approximately 20% tumor 
shrinkage, indicating that additional work is 
necessary to dramatically reduce tumor burden [11]. 

Apart from MEK, other molecular factors have 
been also found to participate in regulating or curbing 
the neurofibroma formation, such as RUNX [12], 
STAT3 [13] and YAP [14]. Hence, it seems to be 
reasonable to explore new drug targets for NF1 
patients, especially for those with tolerance/ 
insensitivity to MEK inhibitor [15]. YAP is a core 
effector of the Hippo signaling pathway, which plays 
an essential role in cancer, fibrosis and other diseases 
[16]. Thus, we came up with the idea of finding the 
potential role of YAP in patients with MEK inhibition. 
Dual targeting of YAP and MEK may be a more 
effective combination strategy for NF1 patients with 
pNFs. 

Materials and Methods 
Cell culture  

The human NF1 related neurofibroma Schwann 
cell lines (ipNF95.11bC and ipNF95.6) were obtained 
from American Type Culture Collection. The mouse 
Schwann cell line (SW10) was purchased from the Cell 
Bank of Chinese Academy of Sciences (Shanghai, 
China). All the Schwann cells were cultured by 
Dulbecco’s modified Eagle medium (DMEM) (Gibco, 
USA) that contains 10% FBS and 1% penicillin/ 
streptomycin in a fully humidified atmosphere (37°C, 
5%CO2). 

RNA-sequencing 
RNA transcriptome profiling was carried out for 

the ipNF95.6 Schwann cells after selumetinib 
treatment by Illumina (USA) high-throughput RNA 
sequencing. RNA was collected by RNeasy Plus Mini 
Kit according to manufacturer (QIAGEN, Cat. 74136, 
Germany). The transcript quantification and 
normalization were implemented using RSEM 
software package. Genes with significant down- or 
up-regulation (Q-value≤0.05 and fold change >1.5) 

were identified as differentially expressed genes 
(DEGs). The DEGs were filtered to functional 
classification using GO, KEGG, and GSEA analysis. 

RNA interference 
Small hairpin RNA (shRNA) sequences targeting 

Nf1, plasmids, and lentiviruses were synthesized by 
Genomeditech Inc. (China). The efficiency of the 
shRNA was validated by using Western blot and 
qRT-PCR. 

siRNA targeting YAP was produced by 
Genomeditech Inc. (China) and the tumor cells were 
transfected by using Lipofectamine® 3000 
Transfection Kit (L3000015, Invitrogen, USA). A 
scrambled siRNA was adopted as negative control. 
The target siRNA sequence used were: YAP (human) 
(5’-AUGACAACCAAUAGUUCAG-3’); Yap (mouse) 
(5’-ACUUGGAGGCGCUCUUCAAUG-3’). The 
efficiency of siYAP was identified by Western blot 
and qRT-PCR. 

Western blot (WB) assay 
Whole protein was isolated by using whole-cell 

lysis buffer in the presence of a protein phosphatase 
inhibitor cocktail (Pierce, USA). For detecting the YAP 
nuclear translocation, Nuclear–cytoplasmic 
fractionation was conducted using the NE-PER 
Nuclear and Cytoplasmic Extraction Reagents kit 
(Thermo Fisher Scientific, USA) according to the 
manufacturer’s protocol, which enable stepwise 
separation and preparation of cytoplasmic and 
nuclear extracts from Schwann cell lineage. After the 
samples were electrophoresed through 8-12% 
polyacrylamide gels, proteins were transferred onto a 
PVDF membranes. The membranes were incubated 
with primary antibodies. Antibodies include (Cell 
Signaling Technology, USA, unless otherwise 
indicated): NF1 (D7R7D) (1:1,000, #14623) YAP 
(D8H1X) (1:1,000, #14074), p-YAP (S127) (D9W2I) 
(1:500, #13008S), β-Actin (13E5) (1:1,000, #4970), 
Cleaved Caspase-3 (Asp175) (1:1,000, #9664), GAPDH 
(D4C6R) (1:1,000, #97166) and Histone H3 (1:1,000, 
affinity # BF9211). After incubated with peroxidase- 
linked secondary antibodies (GK500705, Gene Tech, 
China), the membranes were washed and visualized 
using Immobilon Western HRP Chemiluminescence 
Substrate (Millipore, USA). 

Immunofluorescence assay 
For immunofluorescence analysis, cells were 

fixed and blocked. Then, the cells were incubated with 
primary antibodies YAP (D8H1X) (1:1,00, #14074) 
overnight at 4 °C. Secondary anti-rabbit antibodies 
labeled either with Alexa Fluor® 594 dye (red) from 
Cell Signaling Technology (USA). DAPI (CST, USA) 
was used at 1:500 dilutions. Images of the cells were 
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taken with a BD Beckman cytometer (BD Biosciences, 
USA). 

Real-time quantitative PCR analysis 
Total RNA was isolated using TRIZOL Reagent 

(Invitrogen, USA) and subsequently reverse 
transcribed into cDNA using PrimerScript RT reagent 
Kit (Takara, Japan) according to the manufacturer’s 
guideline. The cDNA was subjected to qRT-PCR 
detection using an ABI StepOne real-time PCR system 
(Life Technologies, USA). The PCR primers used in 
these studies are described in Table S1. The relative 
expression was calculated using the 2-ΔΔCT method. 
The primers used in our study were shown in Table 
S1. 

Cell Counting Kit-8 (CCK-8) assay 
Cytotoxicity of the compounds was measured by 

CCK-8 kit (New Cell&Molecular Biotech, China). 
Schwann cells were seeded in 96-well plates at 3000 
cells/well and incubated overnight for attachment. 
MEK1/2 inhibitor selumetinib (AZD6244) and YAP 
inhibitor verteporfin were obtained from Selleck 
Chemicals (China). Cells were treated with 
selumetinib (Range, 0-200 μM) and/or verteporfin 
(Range, 0-10 μM) for 72h. This medium was replaced 
with 10% CCK-8 and incubated at 37 °C for 2 hours. 
The absorbance was measured at 450 nm. The IC50 
values were calculated via Graphpad prism 8.0 
software (USA). 

Assessment of Synergistic Effects 
Combination indices (CI) of drug combinations 

were evaluated via the Chou-Talalay method using 
CompuSyn software (ComboSyn Inc., Paramus, USA) 
[17], and CI values CI<1.10 was identified as 
synergism; CI values >1.1 were considered as 
antagonism [18]. 

Apoptosis assay 
Apoptotic levels of involved cells were detected 

after drugs treatment by flow cytometry using an 
Annexin V-APC/PI Apoptosis Detection Kit (BD, 
USA). Cells were collected after different drug 
treatments, then the assays were carried out according 
to the manufacturer’s protocol. Samples were 
processed immediately using a FACSCalibur flow 
cytometer (BD, USA). Data was further analyzed by 
FlowJo 10.4. 20,000 cells were recorded and analyzed 
in all conditions. 

Colony formation assay 
ipNF95.11bC, ipNF95.6 and shNf1-SW10 cells 

were seeded in 6-well plates (1000 cells/well) and 
incubated for 2 weeks. The colonies formed were 
washed with PBS and fixed with 4% 

paraformaldehyde, subsequently stained with 1% 
crystal violet for 20 min at room temperature. All 
visible cell colonies were imaged and counted. 

Sphere formation assay 
Cells were seeded at 1000 cells/well of at 6 wells 

low adhesion plate (Corning Inc., USA). Micro 
spheres were cultured in DMEM/F12 medium added 
with vitamin B27, heparin (4 mg/mL) and FGF (20 
ng/mL). Samples were subsequently treated with 
selumetinib and verteporfin, alone or combination, 
and equal DMEM was used as control. All visible 
spheres were imaged and counted after 2 weeks of 
continuous medium exposure. 

In vivo xenograft studies 
All animal experimental procedures were 

approved by the Animal Welfare Committee of the 
Ninth People’s Hospital, Shanghai Jiao Tong 
University School of Medicine (China). shNf1-SW10 
cells (2×106 cells per injection) were subcutaneously 
injected into 4-week-old BALB/c nude mice model 
(n=24). When the maximum diameter of tumors 
reached 1cm, the mice were randomly divided into 
four groups (i) vehicle, (ii) selumetinib (50 mg/kg) 
orally every other day, (iii) verteporfin (20 mg/kg) 
intraperitoneally every other day or (iv) the 
combination of selumetinib and verteporfin, 
respectively. All the mice were sacrificed and the 
tumors were excised and then fixed with 4% 
Paraformaldehyde Fix Solution for 24 hours for 
further analysis. The ellipsoid volume formulas (π/6 * 
L * W * H) were used for estimating tumor mass. 

Statistical analysis 
Statistical analysis was performed using 

GraphPad prism 8.0 software (USA). A Student’s 
t-test was used to analyze differences between two 
groups and one-way ANOVA was adopted to analyze 
more than two groups. A p value < 0.05 was 
considered as statistically significant. 

Results 
Increased transcriptional activation of Hippo 
signaling pathway in human neurofibroma cells 
under selumetinib treatment 

After treatment with selumetinib, human 
neurofibroma cells were harvested for further RNA 
sequencing analysis to assess the potential molecule 
of selumetinib resistance (Figure 1A). As shown in 
Figure 1B and 1C, a total of 4888 genes were filtered 
and identified as differentially expressed genes 
(DEGs, Q value <0.05 and Fold change >2). GO 
analysis for the DEGs indicated that selumetinib 
could affect the cell division, cell cycle, cell migration, 
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matrix organization of neurofibroma cells (Figure 1D). 
KEGG enrichment analysis for DEGs revealed the 
dysregulated signaling pathways (Figure 2A). Among 
these pathways, Hippo pathway, which plays an 
important role in the tumorigenesis of neurofibroma, 
was proved to involve in RTKs or RAF drug 

resistance. GSEA analysis further confirmed that 
selumetinib positively associated with Hippo 
transcriptional activation level (Figure 2B). The above 
information indicated that Hippo could be activated 
by selumetinib treatment and may be a potential 
molecule in selumetinib resistance. 

 

 
Figure 1. mRNA expression profile was analyzed after selumetinib treatment. (A) Workflow of RNA-sequencing experiment. Total RNA of human neurofibroma 
Schwann cell (ipNF95.6) was collected after selumetinib or DMSO treatment for 72h. (B) The heatmap showed hierarchical clustering of differentially expressed genes between 
selumetinib treatment and control group. (C) Volcanic plots for the mRNA sequencing of ipNF95.6 cells treated by selumetinib or DMSO. (D) GO analysis for the up-regulated 
(Up) or down-regulated (Down) differential expression genes. 
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Figure 2. KEGG and GSEA analysis of the DEGs. (A) KEGG analysis for the differential expression genes; Up: Up-regulated; Down: down-regulated. (B) GSEA plots 
showed normalized enrichment score (NES) of Hippo signaling pathway signature in differentially expressed genes. 

 

Selumetinib promoted nuclear accumulation 
and activation of YAP in NF1-neurofibroma 
Schwann cells 

YAP phosphorylation levels were detected to 
further evaluate the functional status of Hippo 
pathway. Human neurofibroma Schwann cells 
(ipNF95.11bC and ipNF95.6) and murine 
neurofibroma cells model (shNf1-SW10, Figure 
S1A&B) were harvested after selumetinib exposure. A 
significant decrease in YAP phosphorylation was 
found after selumetinib treatment by concentration- 
dependent manner and time-dependent manner 
(Figure 3A&B). To determine the localization of YAP, 
we managed to separate cytoplasmic and nuclear 
proteins and observed that selumetinib treatment 
resulted in the nuclear accumulation of YAP in 
human neurofibroma cells and shNf1 SW10 cells 
(Figure 3C). Immunofluorescence were also 
performed to show the increased accumulation of 
YAP in Schwann cells’ nuclear after treating with 
selumetinib (Figure 3D). We verified that MAPK 
pathway was down regulated by selumetinib in 
human neurofibroma cells and shNf1 SW10 cells by 
MEK and ERK phosphorylation level using Western 
Blotting (Figure 3E). While, our results demonstrated 
the activation of YAP by measuring the mRNA 
expression levels of canonical YAP downstream 
genes, CYR61 and CTGF (Figure 3F). The above 
information indicated that Hippo-YAP was activated 

under selumetinib treatment in NF1-neurofibroma 
Schwann cells. 

Genetic inhibition of YAP sensitized 
NF1-neurofibroma Schwann cells to 
selumetinib 

To further confirm the impact of YAP activation 
in selumetinib treatment process, we inhibited YAP 
expression using siRNA targeting YAP. Three 
different siRNA sequences were used for 
ipNF95.11bC, ipNF95.6 and shNf1-SW10 cells. The 
transfection efficiency was detected by using Western 
blot after transfection for 48h (Figure S1C). And the 
most effective siRNA sequence (siYAP2 for 
ipNF95.11bC and ipNF95.6 cells; siYap3 for 
shNf1-SW10 cells) was chosen for our subsequent 
studies. The expression of YAP was verified at mRNA 
and protein level again (Figure. 4A&B). We found that 
the response of neurofibroma cells to selumetinib was 
directly related to the expression level of YAP (Figure 
4C). YAP inhibition effectively sensitized both types 
of Schwann cells to selumetinib. The IC50 for 72 h 
value was shifted from 36.47 μM to 17.07 μM in 
ipNF95.11bC, from 34.62 μM to 16.43 μM in ipNF95.6 
cells, and from 32.52 μM to 19.33 μM in shNf1-SW10 
cells. We also observed that siYAP in combination 
with selumetinib could significantly inhibit the colony 
formation ability of tumor cells (Figure 4D). 
Moreover, the sphere numbers of pNF Schwann cells 
transfected with siYAP were significantly less than 
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those of the vector control after selumetinib treatment 
(Figure 4E). The sphere size of pNF Schwann cells 
transfected with siYAP were significantly smaller 
than those of the vector control after selumetinib 
treatment (Figure S2A). Taken together, the above 
results indicated that YAP might exert a role in 
selumetinib resistance in neurofibroma cells. 

YAP inhibitor enhanced selumetinib 
cytotoxicity in neurofibroma cells 

We also assessed the apoptotic levels of 
neurofibroma cells by performing flow cytometry 
assays. Our results indicated that YAP knockdown or 
treatment with verteporfin (YAP inhibitor) 
significantly enhanced selumetinib induced apoptosis 

 

 
Figure 3. Selumetinib treatment promoted the nuclear translocation and activation of YAP in neurofibroma Schwann cells. (A) Human neurofibroma 
Schwann cell (ipNF95.11bC and ipNF95.6) and shNf1-SW10 cells were intervened with selumetinib with indicated dose (from 0 to 40 μM) for 48 hours. The cells were 
harvested to evaluated YAP functional status through Western blotting. (B) The YAP protein status of Human neurofibroma Schwann cell (ipNF95.11bC and ipNF95.6) and 
shNf1-SW10 cells were assessed by Western blotting after treated with selumetinib (40 μM) for indicated time (0, 48 and 72 hours). (C) Cytoplasmic/nuclear proteins were 
separated according manufacture’s guideline. Increased nuclear accumulation of YAP in ipNF95.11bC, ipNF95.6 and shNf1-SW10 cells were detected by Western blotting. (D) 
Immunofluorescence identified the increased nuclear accumulation of YAP in ipNF95.11bC, ipNF95.6 and shNf1-SW10 cells after treating with selumetinib. (E) MEK and ERK 
phosphorylation level changed in ipNF95.11bC, ipNF95.6 and shNf1-SW10 cells after treating with selumetinib. (F) mRNA expression of YAP target genes, CYR61and CTGF, 
analyzed by qRT-PCR in ipNF95.11bC, ipNF95.6 and shNf1-SW10 cells after treating with selumetinib. The results were presented as mean ± SEM (n = 3) of three-independent 
assays. *p < 0.05, **p < 0.01. 
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in neurofibroma cells (Figure 5A&B). Moreover, 
increased cleaved caspase-3 activity also indicated 
that YAP knockdown could contribute to selumetinib 
induced apoptosis (Figure S3). In addition, we 

observed that the differential combination of 
verteporfin and selumetinib resulted in a significant 
reduction in colony formation (Figure 5C) and sphere 
formation (Figure 5D&S2B). 

 

 
Figure 4. Genetic inhibition of YAP sensitized selumetinib treatment in pNF Schwann cells. (A-B) Transfection efficiency was detected using qRT-PCR and 
Western Blot after YAP-specific siRNA transfection for 72h in ipNF95.11bC, ipNF95.6 and shNf1-SW10 cells. (C) IC50 curves for 72h of selumetinib in neurofibroma Schwann 
cells (ipNF95.11bC, ipNF95.6 and shNf1-SW10 cells) transfecting with siRNA. IC50 were calculated based on a nonlinear regression analysis. (D-E) Proliferation ability of siYAP 
transfecting neurofibroma Schwann cells (ipNF95.11bC, ipNF95.6 and shNf1-SW10 cells) were detected by performing colony formation and sphere formation assay under 
selumetinib exposure. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. 



Int. J. Med. Sci. 2023, Vol. 20 

 
https://www.medsci.org 

132 

 
Figure 5. YAP inhibitor enhanced selumetinib cytotoxicity in neurofibroma Schwann cells. (A-B) Flow cytometry were performed to assess the cytotoxicity of 
selumetinib. A, Neurofibroma Schwann cells (ipNF95.11bC, ipNF95.6 and shNf1-SW10 cells) transfecting with YAP-specific siRNA were treated with or without selumetinib for 
48h. B, Neurofibroma Schwann cells were treated with selumetinib, verteporfin or combination for 48 h. The results were presented as Mean ± SEM (n=3). **p < 0.01, ***p < 
0.005, ****p < 0.001. (C-D) Colony formation and Sphere fromation numbers of neurofibroma schwann cells (ipNF95.11bC, ipNF95.6 and shNf1-SW10 cells) were detected 
after treating with selumetinib, verteporfin or combination. *p < 0.05, **p < 0.01. 

 
Figure 6. A synergistic effect was observed in dual treatment with selumetinib and verteporfin. (A) Cell viabilities were measured in ipNF95.11bC, ipNF95.6 and 
shNf1-SW10 cells using a CCK-8 assay after treating with different combinations of selumetinib and verteporfin for 72h. (selumetinib concentration range: 0-100μM; verteporfin 
concentration range: 0-10μM). (B) Combination indices (CI) were calculated via the Chou-Talalay method (Fa, Fractional effect; synergism CI<1.10; antagonistic CI>1.10). 

 

Combined inhibition of YAP and MEK had a 
synergistic impact on NF1-neurofibroma cells 
in vitro 

To further elucidate the possible synergism of 
the dual targets of YAP and MEK, we treated the 

neurofibroma cells with a combination of verteporfin 
and selumetinib. Neurofibroma cells were exposed to 
either selumetinib, verteporfin or a combination in 
vitro. Cytotoxicity was detected by CCK-8 assay after 
72h of incubation. Combined therapy showed a dose- 
dependent reduction in cellular viability (Figure 6A). 
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Furthermore, we applied the Chou-Talalay method 
via CompuSyn software to calculate the combination 
indices (CI). Our results revealed that synergistic 
effects of dual targeting of YAP and MEK with the 
Chou and Talalay methods (Figure 6B). 

Dual targeting of YAP and MEK inhibited 
neurofibroma growth in vivo 

To demonstrate the combination strategy of dual 
YAP/MEK treatment in vivo, we generated a 
xenograft mouse model through subcutaneously 
injecting shNf1-SW10 cells into nude mice. We found 
that the combination of selumetinib and verteporfin 
significantly inhibited tumor growth compared with 
selumetinib or verteporfin alone (Figure 7A-C). YAP 
status and CYR61 expression level in vivo xenograft 
models under treatment of selumetinib and 
verteporfin were also presented by IHC (Figure 7D). 
These results showed that the combined targeted YAP 
and MEK might be a potential strategy for the 
treatment of NF1 related pNF. 

Discussion 
Patients with NF1 usually present with a wide 

spectrum of manifestations, while the most prevalent 
pathological feature is neurofibroma [19]. Since the 

breakthrough of novel selumetinib [15], remarkable 
progress has been made towards NF1 related 
neurofibroma treatment. Although selumetinib shield 
light on the NF1 patients, great challenges remain to 
be addressed: 1) Concerning the genetic nature of 
lifelong pNF development, continuous treatment may 
be extended over years [11]. 2) The long-term 
tolerability (or so-called resistance) cannot be ignored, 
while the individualized administration duration and 
dosage required to preserve clinical efficacy of 
optimal MEK inhibition are largely unknown [10]. 3) 
The response rate of selumetinib is now claimed as 
68%, which still implies the undesirable effects in 
about 1/3 of the whole disease population [11]. 
Cautions should be taken to monitor the effects of 
long-term tolerance and the non-responsive 
population. Targeted therapy of Neurofibromatosis 
type 1 (NF1) related plexiform neurofibroma (pNF) 
aiming at MEK molecule has not demonstrated a 
convincing result for complete disease inhibition, 
probably due to other signal pathways crosstalk. To 
address these concerns, we identified the relationship 
between Hippo-YAP activation and selumetinib 
treatment through RNA-sequencing. 

 

 
Figure 7. Selumetinib in combination with verteporfin inhibited tumor growth in a shNf1-SW10 cells xenotransplantation mouse model. (A) Treatment 
with selumetinib, verteporfin alone or combination reduced the tumor size in a mouse model generated by subcutaneous injection of shNf1-SW10 cells. (B) Quantification of 
tumor size among the different groups. *p < 0.05, **p < 0.01. (C) Quantification of tumor weight among the different groups. ***p < 0.005. (D) YAP status and CYR61 expression 
level in xenograft mass under treatment of selumetinib, verteporfin or combination. 
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Increasing evidence demonstrates that YAP 
nuclear translocation is involved in cancer initiation 
and progression [16, 20]. The Hippo pathway has 
been identified as a possible modifier for promoting 
neurofibroma tumorigenesis [21], and dampening the 
activity of YAP might be an attractive therapeutic 
target [14]. Additionally, it also has been reported that 
YAP may be associated with resistance to cancer 
target therapy in cancer cells harboring NRAS, KRAS, 
or BRAF mutations [22-25]. Kurppa et al. 
demonstrated that YAP/TEAD/SLUG activation can 
induce dormancy which facilitate resistance to EGFR/ 
MEK inhibition in NSCLC [23]. As for neuroblastoma 
with hyperactivated RAS activity, YAP might 
promote the transcriptional activation and expression 
of E2F and MYC, thereby indirectly mediating 
trametinib (MEK inhibitor) resistance [26]. NF1 plays 
an inhibitory role in regulating the MAPK/MEK 
pathway in neurofibroma, and it is also known that 
there is tight signal cross-talk between the MAPK/ 
MEK and Hippo pathways in some cancers [27, 28]. 
Hippo/YAP and MAPK/MEK signaling pathways 
share several mechanisms to regulate cellular 
proliferation and apoptosis. Based on previous 
studies and the current status of selumetinib, it is 
reasonable that NF1 related neurofibroma cells may 
alter the efficacy of selumetinib treatment by 
regulating the functional state of YAP. However, the 
mechanism of YAP modulating selumetinib resistance 
in neurofibroma is currently poorly understood. The 
Hippo/YAP pathway exerts a critical role in driving 
neurofibroma development [21]. Accordingly, 
targeting the pathway may introduce a new and 
promising measure in the current armament [14, 29]. 
Although pharmacologically inhibiting YAP has 
become a promising goal for tumor therapy, no 
directly YAP inhibitors have been investigated in 
clinic. However, it has reported that some drugs could 
inhibit YAP activity effectively [30]. Among them, 
verteporfin is proved to bind with the conserved 
TEAD interaction domain in YAP, disrupts 
YAP-TEAD binding, and induces YAP/TAZ protein 
degradation, preventing transcriptional 
transactivation [31,32]. Krishanthan Vigneswaran and 
colleges also demonstrated that verteporfin blocks 
association between TAZ and TEAD4 and inhibits 
TAZ-mediated transcriptional activation of TEAD 
targets in their recent study [33]. Therefore, 
verteporfin was chosen as a promising YAP inhibitor 
in our study. 

Our results showed that selumetinib treatment 
induced YAP nuclear accumulation, and YAP may 
play a role in sensitivity to selumetinib in vitro. 
Genetic and/or pharmacologically inhibition of YAP 
also indicated YAP might enhance the drug-resistant 

ability of tumor cells. Notably, the CI values also 
revealed synergistic effects in dual targeting of YAP 
and MEK signaling. The data provided rational 
evidence for the development and testing of a YAP 
inhibitor together with a MEK inhibitor to improve 
the magnitude and duration of response to MAPK 
pathway blockade in NF1 related neurofibroma 
patients. Activated YAP can interact with nuclear 
transcription factors (mainly TEAD family) to 
promote transcription of multiple downstream genes 
[34]. Therefore, we demonstrated the synergistic 
effects of verteporfin and selumetinib for increasing 
the cessation effects to NF1 related pNF. The 
selumetinib tolerance can be probably reversed by 
using verteporfin. Thus, the design and development 
of combining novel drugs targeting both YAP and 
MEK be urgently necessary in consideration of a 
much larger population who can garner benefits from 
such attempt. 

In conclusion, selumetinib treatment promoted 
the nuclear translocation and transcription activation 
of YAP in neurofibroma tumor cells. YAP inhibition 
sensitized neurofibroma tumor cells to selumetinib in 
vitro and in vivo. This study provides validated 
evidence that dual targeting YAP and MEK might be a 
promising therapeutic strategy for NF1 related pNF. 
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