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Abstract

Introduction: Neurofibromin, a protein encoded by the NFT gene, is mutated in neurofibromatosis 1, one of the
most common genetic diseases. Oral manifestations are common and a high prevalence of hyposalivation was
recently described in individuals with neurofibromatosis 1. Although neurofibromin is ubiquitously expressed, its
expression levels vary depending on the tissue type and developmental stage of the organism. The role of
neurofibromin in the development, morphology, and physiology of salivary glands is unknown and a detailed
expression of neurofibromin in human normal salivary glands has never been investigated.

Aim: To investigate the expression levels and distribution of neurofibromin in acinar and ductal cells of major and
minor salivary glands of adult individuals without NF1.

Material and method: Ten samples of morphologically normal major and minor salivary glands (three samples of
each gland: parotid, submandibular and minor salivary; and one sample of sublingual gland) from individuals
without neurofibromatosis 1 were selected to assess neurofibromin expression through immunohistochemistry.
Immunoquantification was performed by a digital method.

Results: Neurofibromin was expressed in the cytoplasm of both serous and mucous acinar cells, as well as in ducts
from all the samples of salivary glands. Staining intensity varied from mild to strong depending on the type of salivary
gland and region (acini or ducts). Ducts had higher neurofibromin expression than acinar cells (p = 0.003). There was
no statistical association between the expression of neurofibromin and the type of the salivary gland, considering acini
(p=0.09) or ducts (p = 0.50) of the four salivary glands (parotid, submandibular, minor salivary, and sublingual gland).
Similar results were obtained comparing the acini (p = 0.35) and ducts (p = 0.50) of minor and major salivary glands.
Besides, there was no correlation between the expression of neurofibromin and age (p = 0.08), and sex (p = 0.79) of the
individuals, considering simultaneously the neurofibromin levels of acini and duct (n = 34).

Conclusion: Neurofibromin is expressed in the cytoplasm of serous and mucous acinar cells, and ductal cells of salivary
glands, suggesting that this protein is important for salivary gland function.
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Introduction
Neurofibromatosis 1 (NF1, OMIM 162,200) is one of the
most frequent genetic diseases in humans and has an
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autosomal dominant pattern [1-3]. NF1 is caused by
mutations in the NFI gene, which encodes the neurofi-
bromin protein that functions, in part, as a negative
regulator of the Ras protein [2]. Therefore, neurofibro-
min is classified as a tumor suppressor protein.
Although neurofibromin is ubiquitously expressed, its
expression levels vary according to the tissue type and
developmental stage [4]. Neurofibromin is highly
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expressed in adult neurons, Schwann cells, astrocytes,
oligodendrocytes, and leukocytes [5-7]. It is weakly
expressed in other cells, such as osteoblasts and chon-
drocytes [8].

Neurofibromin is located in the cytoplasm, but can
also be found in the nucleus and associated with plasma
membrane microdomains [9, 10]. Therefore, neurofibro-
min is considered a multifunctional protein that affects
several cellular processes in cells of different tissues [11].

Individuals with NF1 can present a variety of clinical
manifestations, mainly multiple neurofibromas, café-au-
lait spots, freckle-like lesions, Lisch nodules, and bone
deformities [12]. Oral manifestations in soft and hard
tissues occur in up to 92 % of NF1 individuals [13]. In-
creased fungiform papillae of the tongue and neurofibro-
mas are the main manifestations in oral soft tissues [14—
16]. The most common radiographic findings are the en-
largement of the mandibular foramen, mental foramen,
and mandibular canal [17]. Moreover, alterations in the
coronoid process and mandibular condyle are commonly
observed [13, 17]. Recently, in our previous study, it was
showed that 59 % of the NF1 individuals have hyposali-
vation, presenting a higher prevalence compared with a
control group (22 %), paired by sex and age [18]. None
of the external factors related to hyposalivation (medica-
tion, smoking, low fluid intake, caffeinated and alcoholic
beverages) was associated with a low salivary flow rate in
individuals with NF1. Therefore, these previous results
suggest that alterations in neurofibromin due to muta-
tions in NFI gene, that occur in individuals with NF1,
may be related to a reduction of salivary glands function.
Nevertheless, the role of neurofibromin in the develop-
ment, morphology, and physiology of salivary glands is
unknown and a detailed expression of neurofibromin in
human salivary glands has never been investigated.

The hypothesis of this study is that neurofibromin is
highly expressed in human normal salivary gland tissues.
The aim was to investigate the expression levels, distri-
bution, and location of neurofibromin in acinar and
ductal cells of adult major and minor salivary glands of
individuals without NF1.

Materials and methods

This work was approved by the research ethics commit-
tee of Hospital Universitirio Antonio Pedro (HUAP)
(protocol number #1,645,631), and the procedures per-
formed following the Helsinki Declaration of 1975, as re-
vised in 1983.

The study sample comprises morphologically normal
tissues of major and minor salivary glands from patients
without NF1 obtained from the pathology files of the
Pathological Anatomy Service of HUAP - Universidade
Federal Fluminense (UFF), Niterdi, Rio de Janeiro, Brazil.
All the cases of biopsy of major and minor salivary
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glands registered from 2010 to 2016 were evaluated. The
inclusion criteria were: individuals over 18 years of age;
presence of sufficient amount of morphologically normal
salivary gland tissue for the construction of the Tissue
Macroarray (TMaA) paraffin  blocks; pathological
request-form adequately filled. Cases of patients with
NF1 were excluded based on the information obtained
from the medical records.

Three samples of parotid, submandibular and minor
salivary glands, and one sample of sublingual gland from
individuals without NF1 were selected to assess neurofi-
bromin expression through immunohistochemistry. Two
minor salivary glands were biopsied to investigate Sjog-
ren syndrome, however, there was no morphological al-
teration related to the syndrome in the samples, and the
diagnosis of Sjogren syndrome was not either confirmed
through the histopathological exam or by the investiga-
tion of other diagnosis criteria [19]. The other sample of
minor salivary glands was removed together with a
mucocele (mucous extravasation phenomena), and the
major salivary glands were excised due to the presence
of benign tumors. Clinical data are shown in Table 1.

For the analysis of the expression of neurofibromin,
four Tissue Macroarray (TMaA) paraffin blocks were
constructed as previously described [20]. From each
donor paraffin block of parotid, submandibular and sub-
lingual glands, three or four morphologically normal
areas containing serous and mucous acini, and interca-
lated, striated, and excretory ducts were selected. In
cases of minor salivary glands, two or three entire mor-
phologically normal glands were selected. The samples
were removed from the donor paraffin blocks using a
punch with 6 mm diameter.

Sections with 5 um from the TMaA paraffin blocks
were cut and collected on silane-coated slides. After
dewaxing, neurofibromin was demonstrated immunohis-
tochemically using HiDef Detection™ Polymer System
(Cell Marque 6600, Rocklin CA - USA). Endogenous

Table 1 Clinical data

Gland type Age Sex
Minor 12 years-old male
Minor 22 years-old male
Minor 42 years-old male
Sublingual 39 years-old male
Submandibular 32 years-old female
Submandibular 50 years-old female
Submandibular 64 years-old female
Parotid 41 years-old male
Parotid 62 years-old male
Parotid 36 years-old female
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peroxidase activity was blocked by incubation for 30 mi-
nutes in 3% H202 in distiled water at room
temperature. Antigen retrieval was performed using an
EDTA (ethylenediaminetetraacetic acid) solution, pH 9
(Thermo Scientific, Fremont CA - USA, ref AP-9003-
500) for 20 minutes in a water bath. Afterward, the glass
slides were kept at room temperature in the same solu-
tion for 20 minutes. Non-specific protein binding was
blocked with skimmed milk powder diluted in Tris solu-
tion with NaCl and BSA (bovine serum albumin) for 15
minutes in a humid chamber at room temperature. Sec-
tions were incubated with a 1:50 dilution of the primary
antibody (anti-neurofibromin a mouse monoclonal anti-
body anti-neurofibromin; clone McNFn27b, code sc-20,
016; Santa Cruz Biotechnology, USA) for 16 hours at 4 °C.
Visualization was performed by incubation for 5 min in
diaminobenzidine. The sections were then counterstained
with Harris’ hematoxylin and coverslipped with Entellan
(code 107,961; Merck, Frankfurt, Germany). Between each
step, sections were washed three times for 10 min in Tris-
buffered saline. All incubations were carried out in hu-
midified chambers to prevent evaporation. The negative
control was performed by omission of the primary anti-
body and a sample of a peripheral nerve was used as a
positive control of the reaction.
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Aperio Digital Pathology® System (Leica Biosystems,
Wetzlar, Germany) was used for immunoquantification.
TMaA slides were scanned (using a x40 microscope ob-
jective) and organized in TMAlab™ software. The areas of
acini and ducts were selected for analysis. Regions with
large blood vessels and artifacts (e.g. tissue folding) were
excluded using the ImageScope™ software (Fig. 1). After
calibration (in ScanScope™ software), immunoquantifica-
tion was performed with Spectrum™ digital pathology in-
formation management software through evaluation of
the brown (positive) and blue (negative) staining, using
the Positive Pixel Count algorithm (Fig. 2). Neurofibromin
expression was showed as positive area percentage. For
the analysis of staining intensity, the algorithm was able to
classify each pixel as 0 (negative, threshold 256-220), 1
(weak positive staining, threshold 221-175), 2 (moderate
positive staining, threshold 176-100), or 3 (strong positive
staining, threshold 99-0) (Fig. 3).

Results
Neurofibromin was expressed in the cytoplasm of serous
and mucous acinar cells, as well as in the ductal cells
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Fig. 1 Marked areas of glandular tissue using ImageScope™ software. Yellow: glandular tissue; blue: salivary ducts; green: excluded areas. Scale
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Fig. 2 A salivary gland sample with immunoquantification generated after analysis in Spectrum™ software. Scale bar: 600 um. Microscope
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from all the samples of glands (Fig. 4; Table 2). Neurofi-
bromin had a higher expression level in ducts than acini
(Wilcoxon signed-sum test; p =0.003). There was no
statistical association between the expression of neurofi-
bromin and the type of the salivary gland, considering
the acini (Mann-Whitney test; p = 0.09; n=17) or ducts
(Mann-Whitney test; p =0.50; n=17) of the four types
of salivary glands (parotid, submandibular, minor saliv-
ary and sublingual gland). Similar results were obtained
comparing the acini (Mann-Whitney test; p = 0.35; n = 17) and
ducts (Mann-Whitney test: p = 0.50; 7 = 17) of minor and major
salivary glands. There was no correlation between the expres-
sion of neurofibromin and age (Spearman’s rho correlation; p =
0.08, coefficient rho =0.3), and sex (Mann-Whitney test; p =
0.79) of the individuals, considering simultaneously the neurofi-
bromin levels of acini and duct (12 = 34).

Minor salivary glands

In minor salivary glands, weak to moderate positivity for
neurofibromin was observed in the apical portion of the
mucous acinar cells (Fig. 4a). Moderate positivity was
seen in the cytoplasm of ductal cells. Neurofibromin was

expressed in 57 % of the total area of the ducts and 49 %
of the total area of acini.

Submandibular glands

In the submandibular glands, moderate to strong posi-
tivity for neurofibromin was found throughout the cyto-
plasm of the serous acinar cells (Fig. 4b). Moderate
positivity was seen in the cytoplasm of the ductal cells.
Neurofibromin was expressed in an average of 47 % of
the total area of the acini and 52 % of the total area of
the ducts.

Sublingual glands

In the sublingual gland, moderate to strong positivity for
neurofibromin was found throughout the cytoplasm of
the serous acinar cells and in the apical portion of the
mucous acinar cells (Fig. 4c). Moderate positivity was
seen in the cytoplasm of the ductal cells. Neurofibromin
was expressed in 31 % of the total area of the acini and
35 % of the total area of the ducts.

Parotid glands

In the parotid glands, weak positivity for neurofibromin
was found in the cytoplasm of the apical portion of the
serous acinar cells (Fig. 4d). Moderate positivity was
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Fig. 3 Marked area after analysis with the pixel count macro of a salivary gland sample. Blue: area with negativity; yellow: area with weak
positivity; orange: area with moderate positivity; red: area with strong positivity. Scale bar: 200 um. Microscope objective used for scanning: x40

seen in the cytoplasm of the ductal cells. Neurofibromin
was expressed in 23 % of the total area of the acini and
66 % of the total area of the ducts.

Discussion
Kimura et al. [21], in an immunohistochemical study on
pheochromocytoma and tumors associated with NFI1,
found expression of neurofibromin in the ducts of a sal-
ivary gland used as a control. Nevertheless, there are no
details on the expression of neurofibromin neither which
type of salivary gland was investigated. To the best of
our knowledge there are no other studies on the expres-
sion of neurofibromin in normal salivary glands tissues.
This study is the first to show, using an antibody that
detects all the five known isoforms of neurofibromin,
that this protein is expressed in the cytoplasm of all
types of adult salivary glands, in mucous and serous aci-
nar cells, as well as in the ductal cells, and is independ-
ent of age and sex. Neurofibromin had a higher
expression level in ducts than acini and there were no
differences in the expression considering the different
salivary glands. Depending on the type of salivary gland
and location (ducts or acini), neurofibromin expression
varied from weak to strong.

Neurofibromin is a large protein that presents a
GTPase-activating protein (GAP) related domain (GRD)
[11]. Therefore, as other GAP proteins, one of its
functions is to accelerate the hydrolysis of Ras-GTP
to Ras-GDP, converting the active GTP (guanosine
triphosphate) bound form to an inactive GDP (guano-
sine diphosphate) bound form, and thereby negatively
regulating the Ras signal [22]. Ras is a family of re-
lated proteins belonging to a class called small
GTPases, involved in transmitting signals from growth
factor receptors to various downstream signaling mol-
ecules that eventually alter gene expression in the nu-
cleus, regulating many major cellular processes, such
as cell proliferation and differentiation, migration,
apoptosis, and morphology [23]. Neurofibromin has
also a role in the development and homeostasis in
many tissues [22]. Although the function of neurofi-
bromin in the salivary glands’ development, morph-
ology and function is largely unknown, its expression
in salivary glands tissues found in this study, the high
prevalence of hyposalivation in NF1 individuals, and
its known interaction with other proteins involved in
embryogenesis and physiology of the salivary glands,
suggests that neurofibromin present an important role
in these processes.
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Fig. 4 Neurofibromin immunostaining in salivary glands. a Minor salivary gland. Weak to moderate cytoplasm positivity for neurofibromin in the apical
portion of the mucous acinar cells (arrows) and cytoplasm moderate positivity in the ductal cells (arrowheads). Scale bar: 90 um. b Submandibular
gland. Moderate to strong positivity for neurofibromin in the cytoplasm of the serous acinar cells and apical portions of the mucous acinar cells
(arrows). Moderate positivity in the cytoplasm of the ductal cells (arrowheads). Scale bar: 100 pm. ¢ Sublingual gland. Moderate to strong positivity for
neurofibromin in the cytoplasm of the serous acinar cells (arrows) and moderate positivity in the cytoplasm of the ductal cells (arrowheads). Scale bar:
100 um. d Parotid gland. Weak positivity for neurofibromin in the cytoplasm of the apical portion of the serous acinar cells (arrows). Moderate
positivity in the cytoplasm of the ductal cells. (arrowheads). Scale bar: 2mm. Microscope objective used for scanning: x40

There is a complex signaling cross-talks between neu-
rofibromin and other members of the superfamily of
small GTPases, including Rho binding domain [24]. Rho
GTPases play a crucial role in the morphogenesis of the
salivary gland lumen in animal models and acinus for-
mation in human salivary glands, [25, 26] and the small
GTPase Rac is involved in the regulation of salivary
gland migration during its morphogenesis [27]. More-

over, neurofibromin is involved in cytoskeletal

organization and cell motility through regulation of the
Rho-ROCK-LIMK2-cofilin pathway [24, 28]. Coordi-
nated regulation of actin cytoskeleton dynamics is re-
quired for several fundamental cellular events such as
cell movement, cell junction, and cytokinesis [29]. Saliv-
ary proteins are secreted by exocytosis (ie., the fusion
between secretory granule membranes and the apical
plasma membrane of salivary acinar cells) [30]. Studies
indicate that the actin cytoskeleton, which is localized

Table 2 Area data and immunostaining positivity after analysis with the pixel count macro

n Average area (mm?) Positivity (average) Standard deviation (+)

Ducts

Minor 3 17.65 57% 0.36

Sublingual 1 892 35% -

Submandibular 3 2497.02 52% 0.05

Parotid 3 739831 66% 0.06
Acini

Minor 3 4295.20 49% 0.29

Sublingual 1 18856.26 31% -

Submandibular 3 6513.87 47% 0.05

Parotid 3 15303.89 23% 0.06
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under the plasma membrane, prevents secretory gran-
ules from reaching their exocytotic destination [31, 32].
Therefore, breakdown and reorganization of the actin
cytoskeleton are necessary for exocytosis. Also, the
polarization and the cellular junctions allow the move-
ment of the salivary components to the lumen of the
structure and guarantee the impermeability of the duct
cells [33]. Moreover, Rho GTPases have emerged as key
mediators of Wnt signals, which are important for saliv-
ary gland cells migration during embryogenesis [34]. In
adult salivary glands, expression of the Wnt signaling is
maintained in the ductal epithelium for promoting re-
generation post-injury or expansion of progenitor cells
by inhibiting apoptosis and preserving normal tissue
functions [35].

More studies are necessary to understand the role of
neurofibromin in the development and function of saliv-
ary glands. Future studies should investigate the impact
of the alterations in neurofibromin due to mutations in
the NFI gene, that occurs in individuals with NF1, in the
development, morphology and physiology of salivary
glands to better understand the relationship between
NF1 and hyposalivation.

Conclusions

Neurofibromin is expressed in the cytoplasm of serous
and mucous acinar cells, and ductal cells of adult saliv-
ary glands. The expression is higher in ductal cells of all
types of salivary glands than in acini. The results suggest
that this protein is important for the normal salivary
gland function.

Abbreviations

NF1: Neurofibromatosis 1; HUAP: Hospital Universitdrio Antonio Pedro;

UFF: Universidade Federal Fluminense; HE: Hematoxylin-eosin; TMaA: Tissue
Macroarray; EDTA: Ethylenediaminetetraacetic acid; BSA: Bovine serum
albumin; GAP: GTPase-activating protein; GRD: GAP related domain;

GTP: Guanosine triphosphate; GDP: Guanosine diphosphate; LIMK2: LIM
kinase 2

Acknowledgements
The authors thank the Pathological Anatomy Service of Hospital Universitario
Antonio Pedro, which made possible this research.

Authors’ contributions

KSC supervised and coordinated the whole process and wrote the
manuscript. EBL performed data collection and immunohistochemistry
technique and analysis. PPM participated in writing the manuscript. RERM
was involved in data interpretation, TMaA construction and reviewed the
manuscript. All authors read and approved the final manuscript.

Funding
The present research received no specific grant from any funding agency in
the public, commercial, or not-for-profit sectors.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Page 7 of 8

Ethics approval and consent to participate

This work was approved by the research ethics committee of Hospital
Universitario Antonio Pedro (HUAP) (protocol number #1,645,631), and the
procedures performed were in accordance with the Helsinki Declaration of
1975, as revised in 1983,

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

"Neurofibromatosis National Center (Centro Nacional De Neurofibromatose,
CNNF), Rio De Janeiro, RJ, Brazil. 2Postgraduate Program in Pathology, School
of Medicine, Universidade Federal Fluminense, Niterdi, RJ, Brazil. *Department
of Pathology, School of Medicine, Universidade Federal Fluminense, Niteroi,
RJ, Brazil. “Graduate Program in Pathology, School of Medicine, Hospital
Universitario Antdnio Pedro, Universidade Federal Fluminense, Avenida
Marqués do Parana, 303, 4° andar, sala 01 — Centro, 24033900 Niterdi, RJ,
Brazil.

Received: 27 May 2020 Accepted: 19 January 2021
Published online: 18 February 2021

References

1. Huson SM, Compston DA, Harper PS. A genetic study of von
Recklinghausen neurofibromatosis in south east Wales II. Guidelines for
genetic counselling. J Med Genet. 1989,26(11):712-21.

2. Riccardi VM. Genotype, malleotype, phenotype, and randomness: lessons
from neurofibromatosis-1 (NF-1). Am J Hum Genet. 1993;53(2):301-4.

3. Takano T, Kawashima T, Yamanouchi Y, Kitayama K, Baba T, Ueno K, et al.
Genetics of neurofibromatosis 1&nbsp;in Japan: mutation rate and paternal
age effect. Hum Genet. 1992;89(3):281-6.

4. Daston MM, Ratner N. Neurofibromin, a predominantly neuronal GTPase
activating protein in the adult, is ubiquitously expressed during
development. Dev Dyn Off Publ Am Assoc Anat. 1992;195(3):216-26.

5. Daston MM, Scrable H, Nordlund M, Sturbaum AK, Nissen LM, Ratner N. The
protein product of the neurofibromatosis type 1 gene is expressed at
highest abundance in neurons, Schwann cells, and oligodendrocytes.
Neuron. 1992;8(3):415-28.

6. DeClue JE, Cohen BD, Lowy DR. Identification and characterization of the
neurofibromatosis type 1 protein product. Proc Natl Acad Sci U S A. 1991;
15(22):9914-8.

7. Trovo-Marqui AB, Tajara EH. Neurofibromin: a general outlook. Clin Genet.
2006;70(1):1-13.

8. ChenH, Qiu Y, Chen L, Li L, Chen J, Zhang G, et al. The expression of
neurofibromin in human osteoblasts and chondrocytes. Ann Clin Lab Sci.
2008;38(1):25-30.

9. Boyanapalli M, Lahoud OB, Messiaen L, Kim B, Anderle de Sylor MS, Duckett
SJ, et al. Neurofibromin binds to caveolin-1 and regulates ras, FAK, and Akt.
Biochem Biophys Res Commun. 2006;340(4):1200-8.

10.  Koliou X, Fedonidis C, Kalpachidou T, Mangoura D. Nuclear import
mechanism of neurofibromin for localization on the spindle and function in
chromosome congression. J Neurochem. 2016;136(1):78-91.

11. Bergoug M, Doudeau M, Godin F, Mosrin C, Vallée B, Bénédetti H.
Neurofibromin structure, functions and regulation. Cells. 2020;9(11):2365.

12. Neurofibromatosis. Conference statement. National Institutes of Health
Consensus Development Conference. Arch Neurol. 1988; 45(5):575-8.

13. D'Ambrosio JA, Langlais RP, Young RS. Jaw and skull changes in
neurofibromatosis. Oral Surg Oral Med Oral Pathol. 1988,66(3):391-6.

14.  Javed F, Ramalingam S, Ahmed HB, Gupta B, Sundar C, Qadri T, et al. Oral
manifestations in patients with neurofibromatosis type-1: a comprehensive
literature review. Crit Rev Oncol Hematol. 2014;91(2):123-9.

15.  Jouhilahti E-M, Visnapuu V, Soukka T, Aho H, Peltonen S, Happonen R-P,
et al. Oral soft tissue alterations in patients with neurofibromatosis. Clin Oral
Investig. 2012;16(2):551-8.

16.  Bardellini E, Amadori F, Flocchini P, Conti G, Piana G, Majorana A. Oral
findings in 50 children with neurofibromatosis type 1. A case control study.
Eur J Paediatr Dent. 2011;12(4):256-60.



Luna et al. Head & Face Medicine

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

(2021) 17:5

Visnapuu V, Peltonen S, Alivuotila L, Happonen R-P, Peltonen J. Craniofacial
and oral alterations in patients with neurofibromatosis 1. Orphanet J Rare
Dis. 2018,09(1):131.

Cunha KS, Rozza-de-Menezes RE, Luna EB, Aimeida LM, de S, Pontes, RRL de
A, Almeida. PN, et al. High prevalence of hyposalivation in individuals with
neurofibromatosis 1: a case-control study. Orphanet J Rare Dis. 2015 Feb;28:
10:24.

Shiboski CH, Shiboski SC, Seror R, Criswell LA, Labetoulle M, Lietman TM,
et al. 2016 American College of Rheumatology/European League against
rheumatism classification criteria for primary Sjogren’s syndrome: a
consensus and data-driven methodology involving three international
patient cohorts. Arthritis Rheumatol. 2017,69(1):35-45.

Dias EP, Picciani BLS, Santos V, de CBD, Cunha KS. A simple technique to
construct tissue macroarrays. J Clin Pathol. 2018;71(10):890-4.

Kimura N, Watanabe T, Fukase M, Wakita A, Noshiro T, Kimura I.
Neurofibromin and NF1 gene analysis in composite pheochromocytoma
and tumors associated with von Recklinghausen'’s disease. Mod Pathol.
2002;15(3):183-8.

Abramowicz A, Gos M. Neurofibromin in neurofibromatosis type 1 -
mutations in NF1gene as a cause of disease. Dev Period Med. 2014;18(3):
297-306.

Dorard C, Vucak G, Baccarini M. Deciphering the RAS/ERK pathway in vivo.
Biochem Soc Trans. 2017;45(1):27-36.

Ozawa T, Araki N, Yunoue S, Tokuo H, Feng L, Patrakitkomjorn S, et al. The
neurofibromatosis type 1 gene product neurofibromin enhances cell
motility by regulating actin filament dynamics via the Rho-ROCK-LIMK2-
cofilin pathway. J Biol Chem. 2005;280(47):39524-33.

Xu N, Bagumian G, Galiano M, Myat MM. Rho GTPase controls drosophila
salivary gland lumen size through regulation of the actin cytoskeleton and
Moesin. Dev Camb Engl. 2011;138(24):5415-27.

Xu N, Keung B, Myat MM. Rho GTPase controls invagination and cohesive
migration of the drosophila salivary gland through crumbs and Rho-kinase.
Dev Biol. 2008;321(1):88-100.

Pirraglia C, Jattani R, Myat MM. Rac function in epithelial tube
morphogenesis. Dev Biol. 2006;,290(2):435-46.

Hall A. Rho GTPases and the actin cytoskeleton. Science. 1998;23(5350):509—
14.

Svitkina T. The actin cytoskeleton and actin-based motility. Cold Spring Harb
Perspect Biol. 2018;10(1):a018267.

Stoeckelhuber M, Scherer EQ, Janssen K-P, Slotta-Huspenina J, Loeffelbein
DJ, Rohleder NH, et al. The human submandibular gland:
immunohistochemical analysis of SNAREs and cytoskeletal proteins. J
Histochem Cytochem. 2011. https://doi.org/10.1369/0022155411432785
[cited 2020 Mar 2].

Burgoyne RD, Cheek TR. Reorganisation of peripheral actin filaments as a
prelude to exocytosis. Biosci Rep. 1987;7(4):281-8.

Aunis D, Bader MF. The cytoskeleton as a barrier to exocytosis in secretory
cells. J Exp Biol. 1988;139:253-66.

Proctor GB, Carpenter GH. Salivary Secretion: Mechanism and Neural
Regulation. Saliva Secret Funct. 2014;24:14-29.

Schlessinger K, Hall A, Tolwinski N. Wnt signaling pathways meet Rho
GTPases. Genes Dev. 2009;23(3):265-77.

Hai B, Yang Z, Millar SE, Choi YS, Taketo MM, Nagy A, et al. Wnt/3-catenin
signaling regulates postnatal development and regeneration of the salivary
gland. Stem Cells Dev. 2010;19(11):1793-801.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 8 of 8

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1369/0022155411432785

	Abstract
	Introduction
	Aim
	Material and method
	Results
	Conclusion

	Introduction
	Materials and methods
	Results
	Minor salivary glands
	Submandibular glands
	Sublingual glands
	Parotid glands

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

