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ARTICLE INFO ABSTRACT
ArtiCl_e history: Background: Neurofibromas in von Recklinghausen's disease (VRD) can develop in the dermis. Therefore,
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subjects with vRD.
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Objective: The purpose of this study is to examine the function of polydom, known as a ligand for integrin,
mediating cell adhesion, and expressed in mouse nerve tissue, in promotion of neurofibroma.

Key Mgmisl{ ; s di Methods: Molecular, transcriptome and immunohistochemical analysis were performed to investigate
von ReCKlnghausen's disease the association between polydom expression and neurofibroma development.

Neurofibroma . . . . . .
Polydom Results: Polydom mRNA levels were significantly higher in neurofibroma tissue than in control tissue.

Platelet-derived growth factor B Quantitative reverse transcription-polymerase chain reaction (qQRT-PCR) analysis of RNA purified from
TGF-p primary cultured dermal neurofibroma cells demonstrated significantly higher polydom mRNA expression
in cells derived from the surrounding dermis of neurofibromas compared to those from normal human
dermal fibroblasts. RNA sequencing was used to compare gene expression between cultured cells derived
from dermal neurofibroma-surrounding tissue with or without polydom knockdown. Subsequent gene
ontology assays revealed that expression of integrin8 (ITGB8), a factor that releases transforming growth
factor-p (TGF-p) from pro-TGF-p, was downregulated following polydom knockdown, suggesting
upregulation of polydom-mediated TGF-p production. Furthermore, we observed a strong association
between polydom expression and the increase in platelet-derived growth factor B (PDGFB) expression in
primary cultured cells from the surrounding dermis of neurofibromas exposed to TGF-f1.
Conclusion: Our results suggest that increased polydom expression in the dermis surrounding
neurofibromas may promote dermal neurofibroma development by activating the TGF-p signaling
pathway.
© 2019 Published by Elsevier B.V. on behalf of Japanese Society for Investigative Dermatology.

1. Introduction ways; thus, establishing promising treatments is an urgent issue.
The only effective treatment is repeated surgery, but new tumors
VRD is one of the most common monogenic diseases. Dermal continuously develop. Conservative treatment for these tumors is

neurofibromas considerably worsen patient quality of life in many not established. Dermal neurofibromas derive from Schwann cells
[1-4], but the mechanism of this phenomenon is poorly
understood. An understanding of how neurofibromas develop is

Abbreviations: vRD, von Recklinghausen'’s disease; NF1, neurofibromatosis type needed to elucidate their pathophysiology and identify less

1; NF, neurofibroma; NHDF, normal human dermal fibroblast; siRNA, small invasive treatments and prophylaxis.

interfering RNA; ITGBS, integrinp8; TGF-p, transforming growth factor-g; PDGFB, Several studies have examined the mechanisms of neurofibro-
platelet-derived growth factor B; EsR, estrogen receptor; PrR, progesterone ma development. Liao et al isolated skin-derived precursors (SKP),
receptor. which exist in dermis and have similar characteristics to stem cells
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neurofibroma development requires both mutation of the neuro-
fibromatosis type 1 (NF1) gene and an ideal microenvironment
including peripheral nerves. They also suggested that factors
secreted from peripheral nerve tissue are needed to induce
neurofibromas, and interactions between Schwann cells and the
surrounding nerve may be a treatment target. Wu et al demon-
strated that the Nf1-Stat3-Arid1b/p-catenin pathway, in the
context of Nfl loss, has an important role in neurofibroma
development in the mouse model [6]. In addition, generation of
tumors mediated by Stat3 activation has been reported in other
organs and tissues [7]. However, the factors related to the
mechanism of neurofibroma generation remains obscure.

In this study, we focused on polydom that is expressed in the
nerve tissue of mice [8]. We show that polydom is specifically
expressed in the surrounding dermis of neurofibromas. RNA
sequence analysis revealed that polydom in the dermis might
activate integrinp8 (ITGBS).

ITGB8 is a 100-kDa glycoprotein that heterodimerizes exclu-
sively with the 130-kDa av subunit [9,10]. ITGB8 silencing changes
lung cancer cells to a less invasive phenotype [11]. Polydom is
reported to be biomarker which can be used for diagnosis of
metastatic lung cancer in pleural effusion [12]. Based on these
facts, polydom and ITGB8 may play an important role in the
development of lung cancer. Therefore, we hypothesized that
ITGB8 plays an important role in neurofibroma development.

The integrin family including ITGB8 binds to pro- transforming
growth factor (TGF)-p1, which releases TGF-B1 leading to activation
of TGF-p signaling [13]. In addition, both TGF-p and platelet-
derived growth factor B (PDGFB) are key factors in the develop-
ment of neurofibromas in patients with NF1 [14]. Based on our

Table 1

results and this knowledge, we conclude that increased polydom
expression in the dermis surrounding neurofibromas elevates
ITGB8 expression, leading to activation of the TGF-B signaling
pathway and promoting neurofibroma development.

2. Material and methods
2.1. Human specimens

Human surgery samples were obtained from patients with NF1
and patients with control tumors. All participants provided written
informed consent. All studies were approved by the ethical
committee of Osaka University. Detailed patient demographic
characteristics (e.g., age, sex, surgery site) are described in Table 1.

2.2. Cell culture

2.2.1. Primary cultured fibroblasts were used in this study

We divided the surgical specimens of neurofibromas into
macroscopically clear and elastic parts and non-glossy and
nonelastic parts. We classified the former parts as tumor tissue,
and the latter parts as normal tissue. Tissues containing both shiny
and non-shiny parts were discarded. Normal tissue surrounding
neurofibromas or neurofibroma tumors were cut into pieces,
placed on culture plates (Corning, Corning Inc., NY, USA) with
media, and incubated for several weeks at 37°C in a 5% CO,
atmosphere. When they reached confluency, the cells were
harvested using trypsin/EDTA (Nacalai Tesque, Kyoto, Japan)
solution and further passaged. The cells were incubated in the
same atmosphere and used for experiments.

Clinical features of NF1(1-27) and control patients (28-35). T: tumor; D: dermis; N.D.: not done; NF1: neurofibromatosis typel.

case age sex disease location stained by stained by expression of expression of serum
(years) polydom(T) polydom(D) polydom (primary polydom (primary estradiol
cultured tumor cells) cultured dermis cells (pg/ml)

1 13 male NF1 trunk - + N.D. N.D. N.D.
2 20 male NF1 unknown - + N.D N.D N.D

3 36 male NF1 lower limb - + N.D N.D N.D
4 38 male NF1 lower limb - + N.D. N.D. N.D

5 46 male NF1 upper limb - + 0.427 0.845 N.D

6 48 male NF1 trunk - + 0.126 0.042 N.D

7 52 male NF1 trunk - + N.D N.D 35

8 52 male NF1 trunk - + N.D N.D N.D

9 57 male NF1 trunk - + N.D N.D 47

10 57 male NF1 trunk N.D. N.D N.D. N.D. N.D.
1 57 male NF1 upper limb N.D. N.D 0.774 1.703 33.7
12 74 male NF1 upper limb - + N.D N.D N.D.
13 24 female NF1 trunk - + 0.4 8.781 36.7
14 26 female NF1 trunk N.D. N.D 0.088 0.094 63.4
15 30 female NF1 lower limb - + N.D N.D N.D
16 36 female NF1 trunk - + N.D N.D. N.D
17 37 female NF1 unknown N.D. N.D. 0.1 0.366 N.D
18 42 female NF1 trunk - + N.D. N.D. N.D
19 43 female NF1 lower limb - + 0.864 0.022 N.D
20 49 female NF1 upper limb N.D. N.D 0.057 0.027 N.D
21 50 female NF1 unknown - + 0.248 0.115 335
22 54 female NF1 trunk N.D. N.D. 0.161 0.339 N.D
23 55 female NF1 upper limb N.D. N.D. 0.021 1.87 N.D.
24 56 female NF1 lower limb - + N.D. N.D. <14.0
25 57 female NF1 trunk - + 0.735 0.004 N.D
26 63 female NF1 lower limb - + 0.255 0.113 N.D
27 69 female NF1 lower limb - + 0.998 3.667 17.8
28 63 male soft fibroma lower limb N.D. N.D N.D N.D N.D
29 37 male normal trunk N.D. + N.D N.D N.D
30 68 male normal trunk N.D. + N.D N.D N.D
31 69 male normal upper limb N.D. + N.D. N.D N.D
32 50 female fibrokeratoma upper limb N.D. N.D. N.D N.D N.D
33 44 female dermatofibroma lower limb N.D. N.D. N.D N.D N.D
34 66 female normal trunk N.D. + N.D. N.D N.D
35 67 female normal trunk N.D. + N.D N.D N.D
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2.3. Small interfering RNA (siRNA) transfection

Primary cultured cells from the surrounding dermis of neuro-
fibromas (8 x 104/1.5 ml) were seeded onto 6-well dishes 1 day
prior to transfection. Cells were transfected with 30 nM polydom
siRNA with 4 different sequences (Hs_SVEP1_5; target sequence;
5'-AAGGGTCTACTGACAAGTATT-3’, Hs_SVEP1_6; target sequence;
5’-CAGGGCCCTTCCATTATTGAA-3’, Hs_SVEP1_7; target sequence;
5'-CTGGCCGGTGATAAAGAATCA-3’, Hs_SVEP1_8; target sequence;
5-CTCGTGACTATTACCAACCTA-3’, QIAGEN, Hilden, Germany) or
control siRNA (Target sequence is not disclosed) (AllStars Negative
Control siRNA, QIAGEN, Hilden, Germany) using RNAi MAX
(Invitrogen, Carlsbad, California, USA). The culture medium was
replaced 6h later. One day after transfection, total RNA was
purified as described below.

We performed preliminary experiments using an siRNA with
four different sequences (Hs_SVEP1_5, Hs_SVEP1_6, Hs_SVEP1_7,
and Hs_SVEP1_8) and found that Hs_SVEP1_8 was the most
effective than other conceivable combination of siRNAs by western
blot analysis. Therefore, we used only one siRNA for polydom
knockdown in our later experiment.

2.4. Expression and purification of recombinant human SVEP1 protein

DNA segments encoding human SVEP1 (amino acids 18-3571)
were obtained by RT-PCR using human placenta total RNA
(Clontech, Mountain View, CA). The cDNA fragments were inserted
into pSec-NFLAG-His [8] at the BamHI/NotlI sites, using GeneArt™
Seamless Cloning and Assembly Kit (Thermo Fisher Scientific).
Recombinant SVEP1 proteins were produced using Freestyle 293
Expression System (Invitrogen), and purified using anti-FLAG M2-
agarose (Sigma), as described previously [8].

2.5. Immunoblotting

siRNA transfected fibroblasts were lysed as previously de-
scribed (inyo). The lysates were separated by SDS/PAGE and were
blotted with anti- polydom c-terminal pAb, followed by Stabilized
Goat Anti-Rabbit HRP-Conjugated (Thermo Scientific). Peroxidase
activity was detected with the SuperSignal reagent (Thermo
Scientific), as described previously [15].

2.6. RNA isolation from primary cultured cells and quantitative real-
time PCR (RT-qPCR)

Total RNAwas extracted from primary cultured cells treated for 6 h
with mock, 5 ng/ml g-estradiol (SIGMA-ALDRICH, St. Louis, Missouri,
USA), 10 ng/ml TGF-p1 (R&D SYSTEMS, Minneapolis, Minnesota,
USA), or siRNA (QIAGEN) using the Maxwell 16 LEV simply RNA Tissue
kit (Promega, Madison, Wisconsin, USA). First-strand cDNA was
synthesized using ReverTra Ace qPCR RT Master Mix (TOYOBO, Osaka,
Japan) according to the manufacturer’s protocol. PCR was performed
using THUNDERBIRD SYBR qPCR Mix (TOYOBO) and the QuantStu-
dio7 Flex (Applied Biosystems, Foster City, California, USA), 7900H T
Sequence Detection System (Applied Biosystems), or 7900 HT Fast
Real-Time PCR system (Applied Biosystems). The quantity of each
transcript was determined using the standard curve method and
normalized to the expression of glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH).

2.7. RNA isolation from tissue samples

Tissue samples were submerged in RNAlater (Invitrogen) and
stored at -80 °C until use. Total RNA was extracted from the tissue
using a Tissue Ruptor (QIAGEN) and RNeasy Fibrous Tissue Mini Kit
(QIAGEN) according to the manufacturer’s protocol.

2.8. RNA sequencing and pathway analysis

RNA sequencing was performed for polydom knockdown cells
and normal cells. Library preparation was performed using a
TruSeq stranded mRNA sample prep kit (Illumina, San Diego, CA)
according to the manufacturer’s instructions. Sequencing was
performed on an Illumina HiSeq 2500 platform in a 75-base single-
end mode. [llumina Casaval.8.2 software was used for base calling.
Sequenced reads were mapped to the human reference genome
sequences (hg19) using TopHat v2.0.13 in combination with
Bowtie2 ver. 2.2.3 and SAMtools ver. 0.1.19. The fragments per
kilobase of exon per million mapped fragments (FPKMs) were
calculated using Cufflinks ver.2.2.1. The raw data were deposited in
the NCBI's Gene Expression Omnibus database (GSE117322). A final
series of differentially expressed genes with fold change > 2.0 and
p-value < 0.05 was identified for further analysis. P-values were
derived from paired t-tests in polydom knockdown and negative
control conditions. Genes downregulated by knockdown of
polydom were identified with the Illumina Correlation Engine.

2.9. Histopathological analysis

For immunostaining of S100, paraffin-embedded skin sections
(5-pm  thick) were processed using heat-mediated antigen
retrieval for 15min at 120°C in Tris-EDTA buffer, pH 9.0.
Sections were incubated with the primary antibody (rabbit anti-
S100 antibody, Abcam, Cambridge, UK) for 1 h at room tempera-
ture. After washing with Tris-buffered saline (TBS) containing
0.05% Triton-X100, the slides were mounted using the Vectastain
ABC kit (Vector Laboratories, Burlingame, CA, USA).

For immunostaining of other protein, paraffin-embedded skin
sections (5-pm thick) were processed using heat-mediated
antigen retrieval for 10 min at 120°C in citrate buffer, pH 6.0.
Sections were incubated with primary antibodies overnight at 4 °C,
secondary antibodies for 1h at room temperature, followed by
nuclear staining (Hoechst 33342, ThermoFisher Scientific, Wal-
tham, Massachusetts, USA).

Cells were plated in the Lab-Tek Chamber Slide System
(ThermoFisher Scientific) and after 24h were fixed in 4%
paraformaldehyde phosphate buffer solution. The slides were
then incubated with antibodies followed by nuclear staining as
done for paraffin-embedded skin sections.

The primary antibodies used in this study were polyclonal rabbit
anti-polydom (dilution, 2 pwg/mL, Division of Matrixome Research
and Application, Institute for Protein Research, Osaka University,
Suita, Osaka, Japan), monoclonal mouse anti-vimentin (ready-to-
use, Dako, Glostrup, Denmark), polyclonal rabbit anti-estrogen
receptor beta (dilution, 1:200, Abcam, Cambridge, UK), and
polyclonal rabbit anti-progesterone receptor (dilution, 1:200,
Abcam). The secondary antibodies were Alexa Flour 488-conjugated
goat anti-rabbit IgG (dilution, 1:400, ThermoFisher Scientific), Alexa
Flour 555-conjugated goat anti-mouse IgG (dilution, 1:400, Thermo-
Fisher Scientific), and Polyclonal Swine Anti-Rabbit Immunoglobu-
lins fluorescein isothiocyanate (dilution, 1:5,000, Dako). Images
were acquired using a fluorescence microscope (BZ-9000, Keyence,
Osaka, Japan). For the ratio of polydom-positive cells, fluorescence
images were converted to gray-scale images, and mean gray values
were calculated using Image] software (National Institutes of Health,
Baltimore, Maryland, USA). Vimentin- and polydom-positive areas
were defined as a fluorescence intensity above a threshold and
quantified using a BZ analyzer (Keyence).

2.10. Statistical analysis

Statistical analysis was performed using GraphPad Prism (La
Jolla, California, USA). Data were analyzed using two-tailed
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unpaired t-tests. P-values < 0.05 were considered statistically investigated polydom mRNA expression in both tumors and the

significant. surrounding normal tissues. Normal tissue and neurofibroma
tumors were preserved separately. We performed immunostaining
3. Results of paraffin-embedded sections of tumor and surrounding dermis

for S100, and found tumor section was well stained by S100
3.1. Increased polydom mRNA expression in neurofibroma tissue and antibody, whereas dermis section was not stained (Fig. 1B),

primary cultured neurofibroma cells indicating that normal tissue and neurofibroma tumors were
clearly separated. Then, total RNA was extracted for qRT-PCR. The
We first comfirmed the pathological diagnosis of neuro- relative expression of polydom was calculated and was used to

fibromas in specimen used in this study (Fig. 1A). Next, we compare its expression level between neurofibroma and healthy
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Fig. 1. Expression of polydom mRNA in neurofibroma tissue and primary cultured neurofibromas.

(A) Clinical findings and histopathology of the patients who provided each sample. T: tumor, D: dermis.

(B)Paraffin-embedded sections of tumor and surrounding dermis were stained for S100 (case24).

(C) Expression of polydom/GAPDH in the surrounding dermis of neurofibromas and tumor tissue of neurofibromas (cases 5, 6, 7,9, 13,18, 21 27), and control tissue (cases 28, 33,
34). Bars indicate mean value. * means significant difference (p-value<0.05).

(D) Immunocytochemistry of primary cultured cells from the surrounding dermis of a neurofibroma (case 8).

(E) Expression of polydom mRNA in primary cultured neurofibromas (cases 5, 6, 11, 13, 14, 17, 19-23, 25-27) and normal human dermal fibroblasts. Total RNA was purified for
qRT-PCR from normal human dermal fibroblasts, primary cultured cells from the surrounding dermis of neurofibromas, and cells from the tumor itself. Bars indicate mean
value.
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dermal tissue. Intriguingly, tumor and tumor surrounding tissue
from six to eight subjects with neurofibroma showed approxi-
mately 3.6-31.4 times higher polydom expression than control
dermal tissues (Fig. 1C).

We also examined polydom expression in primary cultured cells
from tumor-surrounding normal tissue and tumors. Immunocyto-
chemistry suggested that cells from normal tissue surrounding
neurofibromas had characteristics of fibroblasts (Fig. 1D). In four
samples of dermal cells of neurofibromas showed approximately
5.2-26.8 times higher expression compared to noNF (Fig. 1E),
although there was no significant difference. These results suggest
that polydom expression maintained in some subjects with
neurofibromas, especially in fibroblasts from normal tissue
surrounding neurofibromas in vitro culture.

We also performed immunostaining of paraffin-embedded
sections of neurofibromas and normal tissue. Although polydom-
positive fibroblasts were seen in the surrounding dermis of
neurofibromas, the number of polydom-positive fibroblasts varied
widely among all study subjects (Supplementary Fig. 1).

Next, we examined why polydom was produced in the
neurofibromas and surrounding tissues of neurofibromas. Sex
hormones may play an important role in increasing polydom

(A)
Case16

Case24

77

expression and facilitating neurofibroma development because
they often arise after puberty, although estradiol concentrations in
the serum of NF1 patients were not increased (Table 1). In our daily
medical examination, we found that there are more female
patients than male patients with NF1 in our clinic (42 male and 54
female patients), although there was no statistically difference. In
addition, it is recently said that there may be a role of sex hormones
in development of dermal neurofibromas [16]. Based on this, we
hypothesized that female hormones promote polydom expression.
To test this, we performed histopathological analysis of immuno-
fluorescence-labeled paraffin-embedded sections to examine
estrogen receptor and progesterone receptor levels (Supplemen-
tary Fig. 2). Compared with normal sections, the expression of
these receptors was not increased in either the dermis or tumor
tissue.

We also investigated the influence of p-estradiol on polydom
expression in primary cultured cells (Supplementary Fig. 3). The
cells were cultured for 6 h with or without 5 ng/ml p-estradiol.
Total RNA was purified from these cells to perform qRT-PCR for
polydom. The influence of p-estradiol did not show a clear trend,
suggesting that sex hormones are unrelated to increased polydom
expression.
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Fig. 2. RNA sequencing and gene ontology assay.

(A) Clinical findings and histopathology of the patients who provided each sample. T: tumor.

D: dermis.

(B) mRNA of polydom in primary cultured cells from surrounding dermis of neurofibromas.
(cases 8,16, 24) was knocked down by siRNA. Total RNA was purified from the cells. The decrease in mRNA of poldom was confirmed by qRT-PCR. * means significant difference

(p-value<0.05).
(C) Total RNA was used for gene ontology assays.
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3.2. Polydom promotes integrinp8 expression and increases in TGF31
and PDGFB

We next investigated the downstream pathway of polydom in
fibroblasts surrounding neurofibromas. To achieve this objective,
we knocked-down polydom in primary cultured fibroblasts from
the surrounding dermis of neurofibromas (Fig. 2A) using small

SVER1
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interfering RNA (Fig. 2B). We confirmed that amount of polydom
protein was reduced to 36% one day after transfection by
immunoblotting (Fig. 2C). Then, we performed transcriptome
analysis using RNA sequencing (Fig. 2D, Supplementary Fig. 4,
Supplementary Table S2-3). Using a gene ontology assay from
[llumina Correlation Engine (Illumina, San Diego, California, USA),
a decrease in the expression of factors such as those related to the
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Fig. 3. Downstream pathway analysis.
(A) Downstream pathway of polydom.

(B) Expression of integrins8. qRT-PCR using total RNA (Fig. 2B) revealed lower integrinp8 expression in knockdown cells compared to control cells. Error bars mean =+ standard

deviation. * means significant difference (p-value<0.05).

(C) Comparison of polydom and ITGB8 expression in primary cultured dermis cells (cases 6, 8,11, 13,14, 16, 17,19, 20-27). The correlation between expression levels is shown.
(D) Normal human dermal fibroblasts and primary cultured dermis cells (cases 8,10, 16) were treated with TGF-1 or mock (treatment with vehicle). qRT-PCR using total RNA
for PDGFB revealed stronger PDGFB expression in primary cultured dermis cells, and higher expression in the presence of TGF-p1.

(E) Comparison of polydom expression in primary cultured dermis cells (case 8, 10, 16) and fold change of relative expression of PDGFB induced by TGF-g1.
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Fig. 4. Hypothesis.

Increased polydom expression in the dermis leads to increased integrinp8, resulting
in higher TGF-1 levels, which leads to increased PDGFB. Polydom also facilitates
the production of PDGFB mediated by TGF-f1, and promotes neurofibroma
development.

nuclear envelope, outer membrane, and integrin complex was seen
when expression of polydom was reduced. Within the integrin
complex, integrinp8 was markedly downregulated after polydom
knockdown (Fig. 3A and Supplementary Fig. 4). We confirmed the
decrease of integrins8 expression by downregulation of polydom
using qRT-PCR (Fig. 3B).

We found relationship between polydom and ITGB8 expression
in primary cultured cells from the surrounding dermis of neuro-
fibromas (Fig. 3C). Next, we assessed the influence of TGF-1 on
PDGFB expression, a key factor in neurofibroma development [14].
In the presence of TGF-p1, PDGFB expression was increased in both
NHDF and primary cultured cells from the surrounding dermis of
neurofibromas, but baseline expression was 79,100 times higher in
primary cultured cells than in NHDF (Fig. 3D). Next, we
investigated the relationship between polydom expression in
primary cultured cells and fold change of relative expression of
PDGFB induced by TGF-p1 (Fig. 3E). Interestingly, there was a
strong association between polydom and the increase in PDGFB.
These results suggest that polydom increases ITGB8 expression
and the subsequent increases of activated TGF-p1, whereas
polydom also promotes the production of PDGFB mediated by
TGF-p1, ultimately facilitating neurofibroma development (Fig. 4).

4. Discussion

Polydom is an extracellular matrix protein that is a ligand for
integrin. This > 3500-amino acid protein is composed of an N-
terminal signal sequence and an array of domains characteristic of
extracellular matrix [8]. Sato-Nishiuchi et al reported that
polydom is localized at the submucosal mesenchyme in the
stomach and intestine, sinusoids in the liver, Bowman'’s capsules,
and the mesenchyme between renal tubules in the kidney, as well
as the lung mesenchyme in mice embryos [8]. They also found that
polydom is strongly expressed in mouse nerve tissue. Other
researchers reported that polydom is expressed in both breast and
lung cancers [12,17]. Because polydom is highly expressed in
mouse nerve tissue or human cancer tissue, we assessed the
possibility that polydom may play an important role in neurofi-
broma formation.

Although polydom-positive fibroblasts were seen in the
surrounding dermis of neurofibromas, the number of polydom-
positive fibroblasts varied widely among all study subjects
(Supplementary Fig. 1). We estimate that intensity of signal of
polydom tended to be weaker than previous report because we
used antibody for murine polydom [8]. Furthermore, it seemed to

be difficult to precisely quantitate polydom levels using paraffin
sections by immunostaining, because it is secretary protein.
Accordingly, we analyzed mRNA expression of polydom in situ.
Neurofibroma tissue strongly expressed polydom mRNA (Fig. 1C).
In addition, there was abundant polydom expression in primary
cultured cells from the surrounding dermis of neurofibromas
(Fig. 1E). Stromal fibroblasts in invasive human breast carcinomas
are known to promote tumor growth [18]. Considering these facts,
polydom-positive fibroblasts may accelerate neurofibroma devel-
opment.

We explored why polydom was increased in the surrounding
dermis of neurofibromas. Dermal neurofibromas in patients with
NF1 usually begin to develop at puberty and after. Polydom is
regulated in an estrogen-dependent manner in breast cancer cells
[19]. These facts suggested that sex hormones regulate polydom
mRNA expression in the surrounding dermis of neurofibromas. In
contradiction to this hypothesis, estradiol concentrations in the
serum of NF1 patients were not increased (Table 1). There were
also no increases in serum estriol or progesterone concentrations
(data not shown). We next assayed polydom mRNA in primary
cultured cells from tumors and surrounding dermis after f-
estradiol treatment, but polydom expression was not significantly
different (Supplementary Fig. 3). Shur et al reported a biphasic
effect, showing increased polydom expression in proliferating cells
challenged with p-estradiol and decreased polydom in confluent
cells [19]. We consider that we observed different patterns because
we seeded primary cultured cells with varying rates of prolifera-
tion to examine the effect of p-estradiol.

To investigate the interaction between polydom and other
factors, siRNA was used to knockdown polydom in primary cultured
cells derived from the surrounding dermis of neurofibromas.
Transcriptome analysis using RNA sequencing was performed
(Fig. 2, Supplementary Fig. 4, Supplementary Table S2-3), and
results were examined with gene ontology analysis. Pathways
including the pathway of the nuclear envelope, organelle outer
membrane, outer membrane, nuclear membrane, protein hetero-
dimerization activity, glutathione transferase activity, integrin
complex, and response to molecule of bacterial origin were
downregulated after polydom knockdown. We focused on the
integrin complex because polydom is a ligand for integrin, and
found downregulation of ITGBS.

ITGB8 is a 100-kDa glycoprotein that heterodimerizes exclusively
with the 130-kDa av subunit [9,10]. ITGBS8 silencing changes lung
cancer cells to a less invasive phenotype [11]. Polydom is reported to
be biomarker which can be used for diagnosis of metastatic lung
cancer in pleural effusion [12]. Therefore, we hypothesized that
ITGB8 plays an important role in neurofibroma development.
Munger et al reported that latent TGF- binds to ITGBS, and TGF-
can be released from latency-associated peptide and then initiate
signaling via TGF-p receptors [13]. Glioblastoma stem cells exploit
the avp8 integrin-TGF-B1 signaling axis to drive tumor initiation and
progression [20]. On the other hand, Kadono et al reported that
PDGFB and TGF- play a role in neurofibroma development in NF1
[14]. We found relationship between polydom and ITGB8 expression
in primary cultured cells derived from the surrounding dermis of
neurofibromas (Fig. 3C). Thus, polydom may activate ITGB8 and
promote the increases in TGF-p, accelerating neurofibroma
development. The mechanism of why polydom expression induce
theincrease of ITGB8 remiains unknown. We consider that polydom
binds to SMAD3 [21], promote the activation of JUN [22], and the
increase of transcription of ITGB8 [23] from our downstream
pathway analysis (Fig. 3A).

PDGFB expression was strongly increased in primary cultured
cells in the presence of TGF-81, and baseline expression was much
higher in tumor cells than in NHDF (Fig. 3D). Furthermore, we also
observed a direct relationship between polydom expression and
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fold change of relative expression of PDGFB induced by TGF-p1
(Fig. 3E). These results suggest that polydom may promote ITGB8
expression and the subsequent increases of activated TGF-p1.
Meanwhile, polydom promotes the direct production of PDGFB
mediated by TGF-p1.

In conclusion, polydom expressed in dermal fibroblasts
harvested from NF1 patients promoted ITGB8 expression and
increases in TGF-B1 and PDGFB, facilitating neurofibroma devel-
opment. Noninvasive treatments for neurofibromas are urgently
needed to improve the quality of life of NF1 patients, and polydom
and ITGB8 may be ideal targets.

The limitation of this study is that the number of cases is limited
because N1 is rare diseases and we could not collect large number
of samples. Another limitation was the findings of significant
relationship between polydom and ITGB8 may be a limited finding
to fibroblast in NF1, because we did not use normal fibroblast nor
Schwan cells derived from NF1 in the current experiment. We hope
that the relationship between polydom and integrins in human
skin should be investigated in future studies.
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