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Abstract
Malignant peripheral nerve sheath tumors (MPNSTs) are malignant tumors that are 
derived from Schwann cell lineage around peripheral nerves. As in many other cancer 
types, cancer stem cells (CSCs) have been identified in MPNSTs, and they are consid-
ered the cause of treatment resistance, recurrence, and metastasis. As an element 
defining the cancer stemness of MPNSTs, we previously reported a molecular mecha-
nism by which exogenous adrenaline activates a core cancer stemness factor, YAP/
TAZ, through β2 adrenoceptor (ADRB2). In this study, we found that MPNST cells ex-
press catecholamine synthases and that these enzymes are essential for maintaining 
cancer stemness, such as the ability to self- renew and maintain an undifferentiated 
state. Through gene knockdown and inhibition of these enzymes, we confirmed that 
catecholamines are indeed synthesized in MPNST cells. The results confirmed that 
catecholamine synthase knockdown in MPNST cells reduces the activity of YAP/TAZ. 
These data suggest that a mechanism of YAP/TAZ activation by de novo synthesized 
adrenaline, as well as exogenous adrenaline, may exist in the maintenance of cancer 
stemness of MPNST cells. This mechanism not only helps to understand the pathol-
ogy of MPNST, but could also contribute to the development of therapeutic strategies 
for MPNST.
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1  |  INTRODUC TION

Malignant peripheral nerve sheath tumor is thought to be a ma-
lignant transformation of Schwann cell lineage around peripheral 
nerves.1,2 Treatment outcomes for MPNST have not dramatically 
improved due to its high resistance to chemotherapy and radi-
ation therapy.3,4 As in many other cancer types, MPNSTs are 
known to have a highly stem- like cell population. In general, CSCs 
can be characterized by high self- renewal capacity, tumorigenic 
potential, ability to maintain an undifferentiated state, and drug 
resistance, and are considered to be the source of metastasis and 
recurrence.5,6 Cancer stem- like cells are important in explaining 
tumor heterogeneity. Cancer stem- like cells are maintained by 
tumor microenvironments that consist of multiple components 
such as inflammation, hypoxia, vascular bed, and rigid matrix in-
teractions. Tumor microenvironments also form tumor hetero-
geneity that reflects various differentiation states of CSCs.7–9 
We previously identified adrenaline as an in vitro humoral factor 
that expands the CSC population in MPNSTs.10 We found that 
MPNSTs enhance their self- renewal capacity and undifferentiated 
state by activating cancer stem cell- associated factor YAP/TAZ, 
mainly through activation of ADRB2. In subsequent validation, we 
confirmed that adrenaline is the only catecholamine capable of 
expanding the CSC population of MPNSTs (Huang and Fujimura, 
2023, unpubl. data).

Given the fact that tumor cells expressing ADRB2 in tumor tis-
sues of MPNST patients coexpress CD133, an MPNST stem cell 
marker, and YAP/TAZ is activated in those cells,10 that Schwann cells 
have the ability to dedifferentiate into Schwann precursor cells that 
generate chromaffin cells due to their plasticity,11–13 and that the 
general blood adrenaline concentration is 0.1 nM, which seems in-
capable of increasing the stemness of the tumor,14 we speculated 
that there could be other local sources of adrenaline besides blood 
adrenaline that contribute to the stemness of MPNST.

One possible source is the direct supply of adrenaline from the 
sympathetic nervous system. In some cancer types, sympathetic and 
parasympathetic infiltration around tumor tissue has been reported 
to contribute to cancer progression.15,16 However, in our prelimi-
nary study, these findings are not the case in MPNSTs (Huang and 
Fujimura, 2023, unpubl. data). We next hypothesized that MPNST 
cells themselves synthesize adrenaline. This is because MPNSTs 
are malignant tumors originating from Schwann cell lineage, which 
are highly plastic and have been reported to possess dedifferenti-
ation and transdifferentiation potential.11 Schwann cell precursors 
have also been reported to be the origin of chromaffin cells in the 
adrenal medulla, which is a key area of biological catecholamine 
production.12,13 Taking into account these previous reports, we 
hypothesized that Schwann cells may acquire the ability of cate-
cholamine synthesis during their oncogenic transformation into 
MPNSTs. In this paper, we will examine whether the group of cate-
cholamine synthesizing enzymes expressed in MPNST cells are es-
sential for the maintenance of cancer stemness of MPNSTs. We will 

also examine whether inhibition of these enzymes might contribute 
to the improvement of therapeutic strategies against MPNSTs.

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture and reagents

The human MPNST cell line FMS- 1 was kindly provided by 
Dr. Hakozaki (Department of Orthopedic Surgery, Fukushima 
Medical University),17 HS- PSS and HS- Sch- 2 were purchased from 
RIKEN BioResource Research Center (RCB2362 and RCB2230).18 
Immortalized mouse Schwann cell line IMS32 was purchased from 
Cosmo Bio.19 The MPNST cell lines were maintained in RPMI- 1640 
(FUJIFILM Wako Chemicals) supplemented with 10% FBS (Nichirei 
Bioscience) and antibiotics (FUJIFILM Wako Chemicals). IMS32 was 
maintained in culture medium for Schwann cell line IMS32, including 
DMEM, serum, and antibiotics (Cosmo Bio).

2.2  |  Lentivirus preparation and infection

For RNAi experiments, we prepared shRNA expressing lentivirus 
particles as previously described.20 Briefly, 293FT cells (Thermo 
Fisher Scientific) were transfected with the pLKO.1- puro- shRNA ex-
pressing vector, psPAX2, and pMD2.G (Addgene) using TransIT- LT1 
Transfection Reagent (TaKaRa Bio) and Opti- MEM (Thermo Fisher 
Scientific). The virus- containing medium was harvested 60 h after 
transfection. The following are the target sequences of RNAi used 
in this study: Human TH#1, GACGT ACC AGT CAG TCT ACTT; Human 
TH#2, GTTCG GGC TGT GTA AGC AGAA; Human DDC#1, GCTGG 
CCT GAT TCC TTT CTTT; Human DDC#2, CGACG TTG AGA AGA TAA 
TCAT; Human DBH#1, GCGGG TGC CGC TTA AAC ATTT; Human 
DBH#2, CTTCA ACC GCG ACG TAC TGAA; Human PNMT#1, GAGGA 
CAT CAC CAT GAC AGAT; Human PNMT#2, GCACC CTC ATC GAC ATT 
GGTT; Human VMAT1#1, GCGTA CCT AGT GGA ATA GCAT; Human 
VMAT1#2, GCTGG CTT TGT TAT CAT GTTT; Human VMAT2#1, 
GCTCT TCT GGG AAT GAT AATT; Human VMAT2#2, GGATC ACA 
ACT GCC CTA TTAA; and Control, CCTAA GGT TAA GTC GCC CTCG.

2.3  |  Human tumor specimens

Human MPNST specimens, relevant information, and anonymized 
medical data were obtained from Okayama University Hospital, follow-
ing approval by the ethics committee of the hospital (approval number: 
2009- 032). We used the same patient dataset as previously reported.10 
All the experiments involving human specimens were carried out in ac-
cordance with the Declaration of Helsinki. Informed consent was ob-
tained in the form of an opt- out method on the website of the Okayama 
University Hospital (http:// www. hsc. okaya ma-  u. ac. jp/ ethics/ koukai/ 
master/ wp-  conte nt/ uploa ds/ 2022/ 02/ 2009-  032. pdf).
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2.4  |  Quantification and statistical analysis

The immunostaining signals were quantified using ImageJ soft-
ware (NIH). Unpaired two- tailed t- test was used to assess the dif-
ferences between the two groups. One- way ANOVA with Tukey's 
multiple comparisons post hoc test was used for the comparison of 
more than two groups. Log- rank test was used for survival analysis. 
Statistical significance was set at p < 0.05. The significance level was 
defined as ns (no significance), *p < 0.05, **p < 0.01, and ***p < 0.001. 
All analyses were undertaken using EZR (Jichi Medical University)21 
and GraphPad Prism 9.5.1.733 (GraphPad Software).

For the other materials and methods, see Appendix S1, Figure S1, 
and Table S1.

3  |  RESULTS

3.1  |  Malignant peripheral nerve sheath tumor cells 
express catecholamine synthases

We first tested whether MPNST cells express catecholamine syn-
thases. Catecholamine synthases include: TH, which synthesizes 
L- DOPA from L- tyrosine; DDC, which synthesizes dopamine from 
L- DOPA; DBH, which synthesizes noradrenaline from dopamine; 
and PNMT, which synthesizes adrenaline from noradrenaline 
(Figure 1A).22 Western blot analysis confirmed that MPNST cell lines 
FMS- 1, HS- PSS, and HS- Sch- 2 express TH, DDC, DBH, and PNMT 
(Figure 1B). As expected, these enzymes were localized in the cyto-
plasm (Figures 1C and S2a). These data indicated that MPNST cells 
express a group of catecholamine synthases.

Immunofluorescence staining with Abs against noradrenaline 
and adrenaline was also performed to demonstrate that these cells 
contained catecholamines in the cells; in FMS- 1 and HS- PSS, signals 
indicating noradrenaline and adrenaline were identified in the cyto-
plasm (Figure 1D, Figure S2b). The adrenaline signal was attenuated 
by RNAi of TH, DDC, DBH, and PNMT, which showed the pres-
ence of de novo catecholamines in the cells, and the signal was en-
hanced by the addition of adrenaline to the medium, indicating that 
these Abs correctly recognized adrenaline in the cells (Figure 1E,F). 
Furthermore, immunofluorescence staining with Abs against the 
catecholamine synthases, DDC and PNMT, and adrenaline in histo-
pathological specimens from MPNST patients showed their expres-
sion in MPNST cells but not in the surrounding normal muscle tissue 
that was resected with the tumor (Figure 1G). These data indicated 
that MPNST cells synthesize endogenous catecholamines through 
their own catecholamine synthases.

3.2  |  Catecholamine synthases are required for 
maintenance of cancer stemness of MPNST cells

Next, we investigated whether the expression levels of catecho-
lamine synthases affected the clinical course of MPNST patients 

and examined the association between the expression levels of 
TH, DDC, DBH, and PNMT, and OS using a dataset of MPNST pa-
tients. Although there were no significant differences, we found 
that OS tended to be worse in patients with higher expression 
levels of DDC and PNMT (Figure 2A). To investigate whether 
differences in the protein expression levels of DDC and PNMT 
affected the clinical course, immunofluorescence staining was un-
dertaken on patient specimens obtained at Okayama University 
Hospital. DOPA decarboxylase expression was associated with 
metastasis progression (Figure 2B). As the presence of cancer 
stem cells has been suggested as a source of poor patient progno-
sis,5,6,23 we next examined whether the catecholamine synthase 
population, including DDC, was indeed associated with stemness 
in MPNST cells. RNA interference of TH, DDC, DBH, and PNMT 
was undertaken on FMS- 1 and HS- PSS cells. A sphere formation 
assay was carried out to assess the self- renewal capacity, which 
revealed that knockdown of these enzymes significantly attenu-
ated the self- renewal capacity (Figures 2C and S2c). Furthermore, 
immunofluorescence staining of MPNST cells with Abs against 
CD133 and NGFR, which are known cancer stem cell surface 
markers, revealed that both CD133 and NGFR signals were at-
tenuated in cells in which these enzymes were knocked down 
(Figures 2D and S2d,e). Furthermore, the colony- forming capac-
ity was significantly weakened in cells in which these enzymes 
were knocked down (Figures 2E and S2f). Xenograft experiments 
were undertaken in immunocompromised mice, and FMS- 1 cells 
in which DDC was knocked down with RNAi did not produce 
palpable tumors (Figure 2F). These data indicate that a group 
of catecholamine synthases, including DDC, is essential for the 
maintenance of cancer stemness in MPNST cells. In addition, the 
fact that similar phenotypes were observed not only in the RNAi 
of DDC and PNMT, but also in TH and DBH, suggests that the can-
cer stemness of MPNST is maintained through canonical intrinsic 
catecholamine synthesis pathways.

3.3  |  Group of catecholamine synthases is essential 
for maintenance of YAP/TAZ activity in MPNST

We have previously reported that YAP/TAZ, the Hippo transducer, 
is essential in the catecholamine- dependent cancer stemness main-
tenance mechanism in MPNST.10 It has also been reported that YAP/
TAZ plays a central role in the pathogenesis of MPNST.24 Therefore, 
we investigated whether YAP/TAZ is involved in the mechanism of 
cancer stemness maintenance of MPNST by analyzing FMS- 1 sam-
ples with RNAi of TH, DDC, DBH, and PNMT, which revealed that 
the YAP/TAZ protein was attenuated by the knockdown of these 
enzymes (Figure 3A–D). In addition, the expression of AXL and 
CYR61, the target genes of YAP/TAZ, and CD133, a stem cell surface 
marker of MPNST, was reduced accordingly (Figure 3A–D). The rate 
of nuclear translocation of YAP/TAZ was also attenuated by RNAi 
of these enzymes (Figure 3E). As TH is known to be the rate- limiting 
factor in the efficiency of catecholamine synthesis,25 it is reasonable 
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to expect that the effect of RNAi on YAP/TAZ and stem cell markers 
would be stronger for TH than for PNMT. These data indicate that 
the catecholamine synthase group is essential for maintaining YAP/
TAZ activity in MPNSTs.

3.4  |  Inhibitors of the catecholamine synthesis 
pathway suppress cancer stemness of MPNST cells

Based on previous data, we considered catecholamine synthases 
to be promising therapeutic targets for MPNST. To inhibit en-
dogenous catecholamine synthesis, we analyzed samples of 
MPNST cells treated with benserazide,26 an inhibitor of DDC, 
one of the two components of the oral anti- Parkinson therapeu-
tic combination (with the other component being L- DOPA), and 
nepicastat,27 an inhibitor of DBH. Immunofluorescence staining 
confirmed that these inhibitors attenuated adrenaline signaling in 
the cells (Figure 4A). Treatment with benserazide and nepicastat 
reduced the self- renewal and colony- forming capacity of MPNST 
cells, signals of YAP/TAZ and its target genes AXL and CTGF, and 
CD133, a cancer stem cell surface marker (Figure 4B–D). The rate 
of nuclear translocation of YAP/TAZ was also attenuated by the 
DDC inhibitor benserazide (Figure 4E). FMS- 1 cells were treated 
with the DDC inhibitor benserazide under different concentra-
tions and cell proliferation was evaluated using MTS assay, which 
showed significant cell growth inhibitory activity at more than 
10 μM (Figure 4F). To examine the cell- killing effect of benser-
azide, three MPNST cell lines (FMS- 1, HS- PSS, and HS- Sch- 2) and 
mouse Schwann cell line (IMS32) were cultured under different 
concentrations of benserazide for 72 h and evaluated using MTS 
assay; IC50 values were 15.0, 9.8, 10.1, and 86.3 μM, respectively 
(Figure 4G). Sphere formation assay was carried out with vari-
ous concentrations of FMS- 1 pretreated with 15 μM benserazide 
and without benserazide. This showed a significant decrease in 
the effective concentration of doxorubicin on the sphere- forming 
capacity of FMS- 1 cells pretreated with benserazide (Figure 4H). 
Although it has been previously reported that benserazide exerts 
its cell- killing effect in various cancer cell lines at concentrations 
above 100 μM by inhibiting HK2,28 we have now determined that 
benserazide exerts sufficient cell growth inhibition and cell- killing 
effects at lower concentrations in MPNST cells. These data sug-
gest that catecholamine synthesis in MPNST cells is important for 
YAP/TAZ- mediated maintenance of cancer stemness.

3.5  |  Intracellular vesicles, important 
sites for synthesis of noradrenaline and 
adrenaline, are also required for maintenance of 
cancer stemness of MPNSTs

Intracellular vesicles are believed to be important sites for the syn-
thesis of noradrenaline and adrenaline.29–31 For example, noradren-
aline is synthesized by DBH when dopamine is taken up into vesicles 
through VMAT. In MPNST cells, the expression of both VMAT1 and 
VMAT2 was confirmed (Figure 5A). The immunofluorescence stain-
ing of FMS- 1 showed their localization in cytoplasm (Figure 5B). 
Vesicular monoamine transporter RNAi in FMS- 1 and HS- PSS cells 
showed reduced self- renewal capacity (Figure 5C). We validated the 
effect of reserpine,32 a VMAT inhibitor, and found that reserpine sig-
nificantly attenuated the self- renewal and colony- forming capacities 
of FMS- 1 cells (Figure 5D,E). Reserpine treatment also suppressed 
the ability to maintain an undifferentiated state, activation of YAP/
TAZ, and its target genes AXL and CTGF (Figure 5F,G). These data 
suggested that the incorporation of monoamines into vesicles, the 
site of catecholamine synthesis, might contribute to the mainte-
nance of MPNST cell stemness.

4  |  DISCUSSION

Based on the fact that MPNSTs are malignant tumors derived from 
the Schwann cell lineage, Schwann cells are reported to have high 
plasticity, and Schwann cell precursors differentiate into chromaf-
fin cells, we tested the hypothesis that MPNSTs express a group 
of catecholamine synthases. As predicted, MPNST cells expressed 
catecholamine synthases (Figure 1B,C). Immunofluorescence 
staining with specific Abs against noradrenaline and adrena-
line revealed that MPNST cells synthesized catecholamines 
(Figure 1D,E). Importantly, these enzymes are essential for main-
taining cancer stemness in MPNSTs (Figure 2). We identified cat-
echolamine synthases as essential for the maintenance of YAP/
TAZ activity, which is a core factor for cancer stemness (Figure 3). 
We previously reported that exogenous adrenaline enhances the 
stemness of MPNSTs by activating YAP/TAZ through ADRB2. 
The pathway discovered in this study indicates that endogenous 
adrenaline, which is synthesized de novo in MPNST cells, main-
tains cancer stemness through YAP/TAZ. Whether this molecular 
mechanism is specific to MPNSTs derived from Schwann cells or 

F I G U R E  1  Malignant peripheral nerve sheath tumor (MPNST) cells express catecholamine synthases and these enzymes are involved 
in intracellular adrenaline synthesis. (A) Catecholamine synthetic pathway. (B) Catecholamine synthases were detected by western blot 
analysis in FMS- 1, HS- PSS, and HS- Sch- 2 cells. (C) Catecholamine synthases were detected in the cytoplasm by immunofluorescence 
staining in FMS- 1 cells. Scale bar, 50 μm. (D) Adrenaline and noradrenaline were detected in the cytoplasm by immunofluorescence 
staining in FMS- 1 cells. Scale bar, 50 μm. (E) Knockdown of catecholamine synthases attenuated the signals of cytoplasmic adrenaline in 
FMS- 1, HS- PSS, and HS- Sch- 2 cells. Scale bar, 50 μm. (F) Adrenaline signal is enhanced by the addition of adrenaline to the medium. Scale 
bar, 50 μm. (G) Immunofluorescence staining of MPNST patients' specimens. Catecholamine synthases (DOPA decarboxylase [DDC] and 
phenylethanolamine N- methyltransferase [PNMT]) and adrenaline were actually detected. Signals are stronger than those of normal muscle 
tissue. Scale bar, 50 μm. DBH, dopamine β- hydroxylase; TH, tyrosine hydroxylase.
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is observed in other common tumors, such as breast and lung can-
cers, remains to be verified.

In this study, we showed that inhibitors of the catecholamine 
synthesis pathway suppressed the stemness of MPNSTs. Among 
the inhibitors of enzymes involved in catecholamine synthesis, 

benserazide, which is used as an adjunct drug in L- DOPA substitu-
tion therapy for Parkinson's disease, is thought to increase the sta-
bility of L- DOPA by inhibiting DDC in the peripheral body tissues, 
resulting in increased L- DOPA translocation into the brain. In meta- 
analyses, the risk of carcinogenesis in patients with Parkinson's 

F I G U R E  2  Group of catecholamine synthases is required for the maintenance of cancer stemness of malignant peripheral nerve sheath 
tumor (MPNST) cells. (A) Although not statistically significant, higher signals of DOPA decarboxylase (DDC) and phenylethanolamine 
N- methyltransferase (PNMT) tend to indicate worse prognosis of MPNST patients (p = 0.311, p = 0.275). (B) Immunofluorescence staining 
analysis of MPNST patients' specimens. DDC signal was significantly stronger in specimens from patients with metastasis (upper) than in 
those without metastasis (lower). PNMT signal was not significantly different between specimens from patients with metastasis (upper) and 
without metastasis (lower). (C) Knockdown of catecholamine synthases inhibited the self- renewal capacity of FMS- 1 cells (n = 4, error bars 
indicate mean ± SD). (D) Knockdown of catecholamine synthases attenuated the signals of CD133 and nerve growth factor receptor (NGFR) 
in FMS- 1 cells. Scale bar, 50 μm. (E) Knockdown of catecholamine synthases inhibited the colony- forming capacity of FMS- 1 cells (n = 3, error 
bars indicate mean ± SD). (F) Knockdown of DDC inhibited the tumorigenesis of palpable tumor from FMS- 1 in xenograft mouse (n = 10, error 
bars indicate mean ± SD). *p < 0.05, ***p < 0.001.

F I G U R E  3  Catecholamine synthesizing enzymes are essential for the maintenance of YAP/TAZ activity in malignant peripheral nerve 
sheath tumor. (A–D) Tyrosine hydroxylase (TH), DOPA decarboxylase (DDC), dopamine β- hydroxylase (DBH), and phenylethanolamine 
N- methyltransferase (PNMT) knockdown attenuated YAP/TAZ, a transcriptional coactivator, its target genes, and stem cell marker, CD133. 
(E) Immunofluorescence analysis showed that knockdown of catecholamine synthases inhibited the nuclear accumulation of YAP/YAZ. 
The graph indicates the percentage of the cells with nuclear YAP/TAZ signal. Scale bar, 50 μm. Nuclei are indicated in pseudo- color. C, 
cytoplasmic localization; N, nuclear localization.
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disease tended to be lower than that in other populations.33,34 These 
statistical data may provide partial support for the anticancer effect 
of benserazide. Previous studies have reported that benserazide 

has anticancer activity against various cancers.28,35 These reports 
suggest that benserazide may exert its anticancer effect by inhib-
iting enzymes other than DDC; however, since the concentration 

F I G U R E  4  Inhibitors of catecholamine synthases suppress cancer stem cell- like characteristics of malignant peripheral nerve sheath 
tumor cells in vitro. (A) Benserazide and nepicastat attenuated the cytoplasmic signals of adrenaline in FMS- 1 cells. Scale bar, 50 μm. 
(B, C) Benserazide and nepicastat significantly reduced the self- renewal and colony- forming capacity of FMS- 1 cells in a concentration- 
dependent manner (n = 4, error bars indicate mean ± SD). (D) Benserazide and nepicastat attenuated YAP/TAZ, a transcriptional coactivator, 
its target genes, and stem cell marker, CD133. (E) Immunofluorescence staining analysis showed that benserazide inhibited the nuclear 
accumulation of YAP/YAZ. The graph indicates the percentage of cells with nuclear YAP/TAZ signal. Scale bar, 100 μm. Nuclei are indicated 
in pseudo- color. (F) Cell proliferation assay shows significant reduction of cell proliferation induced by benserazide (Benz). The reduction is 
concentration- dependent. (G) Sigmoid curves of FMS- 1, HS- PSS, HS- Sch- 2, and IMS32 cells against benserazide. IC50 values (μM) against 
benserazide: FMS- 1, 15.01; HS- PSS, 9.75; HS- Sch- 2, 10.13; IMS32, 86.32. (H) Pretreatment with benserazide (15 μM) had a synergistic effect 
with doxorubicin in the reduction of sphere formation capacity. *p < 0.05, **p < 0.01, ***p < 0.001. C, cytoplasmic localization; N, nuclear 
localization.

F I G U R E  5  Inhibition of vesicular monoamine transporter (VMAT) also suppresses cancer stem cell- like characteristics of malignant 
peripheral nerve sheath tumor (MPNST) cells in vitro. (A) Expression of VMAT1 and VMAT2 was observed in each of the three MPNST 
cell lines. (B) VMAT1 and VMAT2 were detected in the cytoplasm using immunofluorescence staining in FMS- 1 cells. Expression of 
VMAT2 is lower than that of VMAT1. Scale bar, 100 μm. (C) Knockdown of VMAT1 and VMAT2 inhibited the self- renewal capacity of 
FMS- 1 (n = 4, error bars indicate mean ± SD). (D, E) Reserpine significantly reduced the self- renewal and colony- forming capacity of 
FMS- 1 in a concentration- dependent manner (n = 4 and 3, error bars indicate mean ± SD). (F) Reserpine attenuated expression levels of 
YAP/TAZ, a transcriptional coactivator, its target genes, and stem cell surface marker, CD133. (G) Immunofluorescence staining analysis 
showed that reserpine inhibited the nuclear accumulation of YAP/YAZ. Graph indicates the percentage of the cells with nuclear YAP/
TAZ signal. Scale bar, 100 μm. Nuclei are indicated in pseudo- color. *p < 0.05, **p < 0.01, ***p < 0.001. C, cytoplasmic localization; N, 
nuclear localization.
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of benserazide used in these studies was very high (approximately 
100 μM), the possibility of nonspecific effects should be consid-
ered. This study showed that the difference in IC50 values between 
each tumor cell line and Schwann cell line may indicate the safety 
of benserazide for Schwann cell lineage, and that benserazide may 
exert synergism with doxorubicin, one of the most efficacious agents 
routinely used in the treatment of soft tissue sarcomas.36 However, 
there are limitations in the safety of benserazide. In this study, we 
used only Schwann cell line for normal cell control. There have been 
several published works on the safety of benserazide. It has been 
reported that there are no appreciable effects of benserazide on the 
cardiovascular, renal, gastrointestinal, or central nervous systems in 
the usually independently administered doses.37 It was also reported 
that benserazide at 300 and 600 mg/kg suppressed cancer growth in 
tumor- bearing mice and no toxicity shown.28 Taking these findings 
into consideration, further studies are needed to clarify the safety of 
benserazide. Reserpine has also been reported to show anticancer 
activity.38 Although no clear anticancer activity has been reported 
for nepicastat, basic research is being undertaken on it as a thera-
peutic target for psychiatric disorders, such as posttraumatic stress 
disorder and cocaine dependence.27,39 Future studies are needed to 
determine whether these agents show anticancer activity in a xeno-
graft model of MPNST cells.

In the present study, VMAT, which is also required for the de 
novo adrenaline synthesis pathway, was detected in MPNST. These 
results indicate that not only the group of catecholamine synthases, 
but also the catecholamine synthesis pathway itself is involved in the 

maintenance of cancer stemness of MPNST and can be a potential 
therapeutic target for MPNST.

In this study, we report that de novo catecholamine synthesis 
in MPNST cells is essential for maintaining CSCs through YAP/TAZ 
activation. Whether this de novo adrenaline acts in an autocrine or 
paracrine manner or is completed only within the cells remains to 
be determined (Figure 6). Self- renewal capacity, which was atten-
uated by TH RNAi, was not sufficiently rescued by the addition of 
exogenous adrenaline (Huang and Fujimura, 2023, unpubl. data). 
This suggests that de novo- synthesized adrenaline could be the 
origin of signaling pathways in autologous cells, and future stud-
ies on the signaling mechanism of endogenous catecholamines are 
warranted.
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F I G U R E  6  Summary of the results 
in this study. In the previously reported 
pathway, exogenous adrenaline activated 
YAP/TAZ through β2 adrenoceptor 
(ADRB2) to maintain cancer stem- like 
cells, whereas in this study, de novo 
synthesized adrenaline is involved in 
the maintenance of cancer stem- like 
cells. However, the style of signaling 
has not been clarified. VMAT, vesicular 
monoamine transporter.

 13497006, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cas.16077 by O

kayam
a U

niversity, W
iley O

nline L
ibrary on [07/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  11KATAYAMA et al.

ACKNOWLEDG MENTS
We thank Dr. Michiyuki Hakozaki (Department of Orthopedic 
Surgery, Fukushima Medical University) for kindly providing the 
MPNST cell line FMS- 1 for this study. We are grateful to the Central 
Research Laboratory, Okayama University Medical School for their 
support with confocal microscopy. We thank all the members of our 
laboratory. We also thank Editage for English language processing 
and editing.

FUNDING INFORMATION
This work was supported by Grants- in- Aid for Scientific Research 
from the Ministry of Education, Culture, Sports, Sciences, 
and Technology of Japan (grant number: JP23771889 to A.F.; 
JP23773811 to H.K.).

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no conflict of interest.

E THIC S S TATEMENT
Approval of the research protocol by an institutional review board: 
Human MPNST specimens, relevant information, and anonymized 
medical data were obtained from the Okayama University Hospital 
following approval by the ethical committee of the hospital (ap-
proval number: 2009- 032).
Informed consent: Informed consent was obtained through the 
website of the Okayama University Hospital (http:// www. hsc. okaya 
ma-  u. ac. jp/ ethics/ koukai/ master/ wp-  conte nt/ uploa ds/ 2022/ 02/ 
2009-  032. pdf) with an opt- out option.
Registry and the registration no. of the study/trial: N/A.
Animal studies: Animal experiments were performed with permis-
sion from and in accordance with all guidelines put forth by the 
committees of the Okayama University (approval number: OKU- 
2021331 for recombinant DNA experiments on transgenic mice).

ORCID
Atsushi Fujimura  https://orcid.org/0000-0002-8638-5460 

R E FE R E N C E S
 1. Carroll SL. Molecular mechanisms promoting the pathogenesis of 

Schwann cell neoplasms. Acta Neuropathol. 2012;123:321- 348.
 2. Carroll SL. The challenge of cancer genomics in rare nervous sys-

tem neoplasms: malignant peripheral nerve sheath tumors as a par-
adigm for cross- species comparative oncogenomics. Am J Pathol. 
2016;186:464- 477.

 3. Korfhage J, Lombard DB. Malignant peripheral nerve sheath tumors: 
from epigenome to bedside. Mol Cancer Res. 2019;17:1417- 1428.

 4. Valentin T, Le Cesne A, Ray- Coquard I, et al. Management and 
prognosis of malignant peripheral nerve sheath tumors: the ex-
perience of the French Sarcoma Group (GSF- GETO). Eur J Cancer. 
2016;56:77- 84.

 5. Martínez- Delgado P, Lacerenza S, Obrador- Hevia A, et al. Cancer 
stem cells in soft- tissue sarcomas. Cell. 2020;9:1449.

 6. Genadry KC, Pietrobono S, Rota R, Linardic CM. Soft tissue sar-
coma cancer stem cells: an overview. Front Oncol. 2018;8:475.

 7. Prasetyanti PR, Medema JP. Intra- tumor heterogeneity from a can-
cer stem cell perspective. Mol Cancer. 2017;16:41.

 8. Uneda A, Kurozumi K, Fujimura A, et al. Differentiated glioblas-
toma cells accelerate tumor progression by shaping the tumor mi-
croenvironment via CCN1- mediated macrophage infiltration. Acta 
Neuropathol Commun. 2021;9:29.

 9. Najafi M, Farhood B, Mortezaee K. Cancer stem cells (CSCs) in can-
cer progression and therapy. J Cell Physiol. 2019;234:8381- 8395.

 10. Huang R, Fujimura A, Nakata E, et al. Adrenergic signaling promotes 
the expansion of cancer stem- like cells of malignant peripheral nerve 
sheath tumors. Biochem Biophys Res Commun. 2021;557:199- 205.

 11. Jessen KR, Mirsky R, Lloyd AC. Schwann cells: develop-
ment and role in nerve repair. Cold Spring Harb Perspect Biol. 
2015;7:a020487.

 12. Kastriti ME, Kameneva P, Kamenev D, et al. Schwann cell precur-
sors generate the majority of chromaffin cells in Zuckerkandl organ 
and some sympathetic neurons in paraganglia. Front Mol Neurosci. 
2019;12:6.

 13. Furlan A, Dyachuk V, Kastriti ME, et al. Multipotent peripheral glial 
cells generate neuroendocrine cells of the adrenal medulla. Science. 
2017;357:eaal3753.

 14. Dodt C, Breckling U, Derad I, Fehm HL, Born J. Plasma epineph-
rine and norepinephrine concentrations of healthy humans asso-
ciated with nighttime sleep and morning arousal. Hypertension. 
1997;30:71- 76.

 15. Magnon C, Hall SJ, Lin J, et al. Autonomic nerve development con-
tributes to prostate cancer progression. Science. 2013;341:1236361.

 16. Zahalka AH, Frenette PS. Nerves in cancer. Nat Rev Cancer. 
2020;20:143- 157.

 17. Hakozaki M, Hojo H, Sato M, et al. Establishment and characteriza-
tion of a novel human malignant peripheral nerve sheath tumor cell 
line, FMS- 1, that overexpresses epidermal growth factor receptor 
and cyclooxygenase- 2. Virchows Arch. 2009;455:517- 526.

 18. Sonobe H, Takeuchi T, Furihata M, et al. A new human malignant 
peripheral nerve sheath tumour- cell line, HS- sch- 2, harbouring p53 
point mutation. Int J Oncol. 2000;17:347- 352.

 19. Watabe K, Fukuda T, Tanaka J, Honda H, Toyohara K, Sakai O. 
Spontaneously immortalized adult mouse Schwann cells secrete 
autocrine and paracrine growth- promoting activities. J Neurosci 
Res. 1995;41:279- 290.

 20. Fujimura A, Yasui S, Igawa K, et al. In vitro studies to define the 
cell- surface and intracellular targets of polyarginine- conjugated 
sodium borocaptate as a potential delivery agent for boron neutron 
capture therapy. Cell. 2020;9:2149.

 21. Kanda Y. Investigation of the freely available easy- to- use soft-
ware ‘EZR’ for medical statistics. Bone Marrow Transplant. 
2013;48:452- 458.

 22. Amano A, Tsunoda M, Aigaki T, Maruyama N, Ishigami A. Age- 
related changes of dopamine, noradrenaline and adrenaline in ad-
renal glands of mice. Geriatr Gerontol Int. 2013;13:490- 496.

 23. Sun D, Xie XP, Zhang X, et al. Stem- like cells drive NF1- associated 
MPNST functional heterogeneity and tumor progression. Cell Stem 
Cell. 2021;28:1397- 1410.e4.

 24. Wu LMN, Deng Y, Wang J, et al. Programming of Schwann cells 
by Lats1/2- TAZ/YAP signaling drives malignant peripheral nerve 
sheath tumorigenesis. Cancer Cell. 2018;33:292- 308.e7.

 25. Rao F, Zhang L, Wessel J, et al. Tyrosine hydroxylase, the rate- 
limiting enzyme in catecholamine biosynthesis: discovery 
of common human genetic variants governing transcription, 
autonomic activity, and blood pressure in vivo. Circulation. 
2007;116:993- 1006.

 26. Daidone F, Montioli R, Paiardini A, et al. Identification by virtual 
screening and in vitro testing of human DOPA decarboxylase inhib-
itors. PloS One. 2012;7:e31610.

 27. Martinho R, Correia G, Seixas R, et al. Treatment with nepicastat 
decreases contextual traumatic memories persistence in post- 
traumatic stress disorder. Front Mol Neurosci. 2021;14:745219.

 13497006, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cas.16077 by O

kayam
a U

niversity, W
iley O

nline L
ibrary on [07/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.hsc.okayama-u.ac.jp/ethics/koukai/master/wp-content/uploads/2022/02/2009-032.pdf
http://www.hsc.okayama-u.ac.jp/ethics/koukai/master/wp-content/uploads/2022/02/2009-032.pdf
http://www.hsc.okayama-u.ac.jp/ethics/koukai/master/wp-content/uploads/2022/02/2009-032.pdf
https://orcid.org/0000-0002-8638-5460
https://orcid.org/0000-0002-8638-5460


12  |    KATAYAMA et al.

 28. Li W, Zheng M, Wu S, et al. Benserazide, a dopadecarboxylase in-
hibitor, suppresses tumor growth by targeting hexokinase 2. J Exp 
Clin Cancer Res. 2017;36:58.

 29. Carmichael SW. The adrenal chromaffin vesicle: an historical per-
spective. J Auton Nerv Syst. 1983;7:7- 12.

 30. Tillinger A, Sollas A, Serova LI, Kvetnansky R, Sabban EL. 
Vesicular monoamine transporters (VMATs) in adrenal chromaf-
fin cells: stress- triggered induction of VMAT2 and expression 
in epinephrine synthesizing cells. Cell Mol Neurobiol. 2010;30: 
1459- 1465.

 31. Jirout ML, Friese RS, Mahapatra NR, et al. Genetic regulation of 
catecholamine synthesis, storage and secretion in the sponta-
neously hypertensive rat. Hum Mol Genet. 2010;19:2567- 2580.

 32. Yaffe D, Vergara- Jaque A, Forrest LR, Schuldiner S. Emulating 
proton- induced conformational changes in the vesicular mono-
amine transporter VMAT2 by mutagenesis. Proc Natl Acad Sci USA. 
2016;113:E7390- E7398.

 33. Bajaj A, Driver JA, Schernhammer ES. Parkinson's disease and 
cancer risk: a systematic review and meta- analysis. Cancer Causes 
Control. 2010;21:697- 707.

 34. Leong YQ, Lee SWH, Ng KY. Cancer risk in Parkinson disease: 
an updated systematic review and meta- analysis. Eur J Neurol. 
2021;28:4219- 4237.

 35. Druzhyna N, Szczesny B, Olah G, et al. Screening of a composite 
library of clinically used drugs and well- characterized pharmaco-
logical compounds for cystathionine β- synthase inhibition iden-
tifies benserazide as a drug potentially suitable for repurposing 
for the experimental therapy of colon cancer. Pharmacol Res. 
2016;113:18- 37.

 36. Ratan R, Patel SR. Chemotherapy for soft tissue sarcoma. Cancer. 
2016;122:2952- 2960.

 37. PrPROLOPA®. https:// s3-  us-  west-  2. amazo naws. com/ drugb ank/ cite_ 
this/ attac hments/ files/  000/ 000/ 002/ origi nal/ Prolo pa_ PM_E. pdf? 
15248 44057 

 38. Ramamoorthy MD, Kumar A, Ayyavu M, Dhiraviam KN. Reserpine 
induces apoptosis and cell cycle arrest in hormone independent 
prostate cancer cells through mitochondrial membrane potential 
failure. Anticancer Agents Med Chem. 2018;18:1313- 1322.

 39. De La Garza R 2nd, Bubar MJ, Carbone CL, et al. Evaluation 
of the dopamine β- hydroxylase (DβH) inhibitor nepicastat in 
participants who meet criteria for cocaine use disorder. Prog 
Neuropsychopharmacol Biol Psychiatry. 2015;59:40- 48.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Katayama H, Fujimura A, Huang R, 
et al. Role of catecholamine synthases in the maintenance of 
cancer stem- like cells in malignant peripheral nerve sheath 
tumors. Cancer Sci. 2024;00:1-12. doi:10.1111/cas.16077

 13497006, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cas.16077 by O

kayam
a U

niversity, W
iley O

nline L
ibrary on [07/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://s3-us-west-2.amazonaws.com/drugbank/cite_this/attachments/files/000/000/002/original/Prolopa_PM_E.pdf?1524844057
https://s3-us-west-2.amazonaws.com/drugbank/cite_this/attachments/files/000/000/002/original/Prolopa_PM_E.pdf?1524844057
https://s3-us-west-2.amazonaws.com/drugbank/cite_this/attachments/files/000/000/002/original/Prolopa_PM_E.pdf?1524844057
https://doi.org/10.1111/cas.16077

	Role of catecholamine synthases in the maintenance of cancer stem-like cells in malignant peripheral nerve sheath tumors
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Cell culture and reagents
	2.2|Lentivirus preparation and infection
	2.3|Human tumor specimens
	2.4|Quantification and statistical analysis

	3|RESULTS
	3.1|Malignant peripheral nerve sheath tumor cells express catecholamine synthases
	3.2|Catecholamine synthases are required for maintenance of cancer stemness of MPNST cells
	3.3|Group of catecholamine synthases is essential for maintenance of YAP/TAZ activity in MPNST
	3.4|Inhibitors of the catecholamine synthesis pathway suppress cancer stemness of MPNST cells
	3.5|Intracellular vesicles, important sites for synthesis of noradrenaline and adrenaline, are also required for maintenance of cancer stemness of MPNSTs

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	ETHICS STATEMENT
	REFERENCES


