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Abstract: Neurofibromatosis type 1 (NF1) predisposes to the development of dermal and plexiform neurofibromas
and serum of NF1 patients stimulates neurofibroma proliferation in vitro. This study aimed to determine whether, in
NF1 patients, serum levels of midkine (MK) and fibroblast growth factor 2 (FGF2) were associated with the number
and/or type of neurofibromas. In addition, their concentrations were correlated with serum levels of dehydroepian-
drosterone sulfate (DHEAS), a neurosteroid secreted by the peripheral nervous system. We performed a case con-
trol-study and measured, by ELISA assay, serum concentrations of MK, FGF2, and DHEAS in 20 NF1 patients and
30 controls. We found increased serum levels of MK and FGF2 in NF1 patients between 30 and 50 years old. Their
concentrations were significantly higher in NF1 patients with plexiform neurofibromas than in controls (P=0.003
for MK and P=0.008 for FGF2). As an underlying hormonal regulation was suspected, DHEAS serum levels were
measured but no difference was observed between patients and controls. We also observed a strong association
between MK and FGF2 levels (P=0.0001) in NF1 patients and controls. In conclusion, we point out MK and FGF2 as
biomarkers for plexiform neurofibroma in NF1 patients. As both growth factors are estrogen-responsive genes and
neurofibromin is a co-repressor of estrogen receptor alpha activity, we suggest that the increased serum levels of
MK and FGF2 observed in NF1 patients might be due to estradiol hypersensitivity.
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Introduction

Neurofibromatosis type 1 (NF1, OMIM #16-
2200) is caused by monoallelic variants in the
tumor suppressor gene NF1 [1]. NF1 aff-
ects one in 3,000 individuals worldwide [1].
Although the cardinal feature of NF1 is the
development of benign peripheral nerve sheath
tumors such as cutaneous (cNFs) and plexiform
neurofioromas (pNFs), NF1 is also character-
ized by the presence of multiple café-au-lait
spots, inguinal or axillary freckling, Lisch nod-
ules, bony dysplasia and optic pathway gliomas
[2]. cNFs are fleshy nodules in the skin which
usually grow during adolescence and progress

over the entire life span [3]. They might cause
itching, pain and an important cosmetic burden
with detrimental psychological effects [4].
Extreme variability in the number and size of
cNFs is observed among affected individuals,
even within the same family members, ranging
from a few to several hundred [5]. pNFs occur
in 20-50% of all patients with NF1 [6]. They are
usually congenital tumors that appear at birth
as a hyperpigmented macule with hypertricho-
sis [7] and might spread through a nerve plexus
causing significant disfigurement, pain and neu-
rological deficits [8]. The growth rate is variable
during the lifetime. Thus, about 30% of pNFs
will undergo malignant transformation into
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malignant peripheral nerve sheath tumors
(MPNST) [9], which have a poor prognosis [10].
The esthetic impact of cNFs and pNFs has been
described as the most distressing symptom for
NF1 patients [11].

Serum from NF1 patients enhanced prolifera-
tion of human neurofibroma-derived primary
Schwann cells and endothelial cells “in vitro”
[12], suggesting that it might contain some
growth factors that stimulate the number and
growth of neurofibromas. Previous studies
have shown expression of MK and FGF2 in
S-100 positive Schwann cells of the skin and
blood vessels of cNFs, pNFs and MPNSTs of
NF1 patients [13, 14]. MK is a heparin-binding
growth factor, intensely expressed in the mid-
gestation involved in neurogenesis, epithelial-
mesenchymal interactions and mesoderm
remodeling during embryogenesis [15, 16].
Thus it plays a critical role in growth, survival,
migration, angiogenesis and cellular carcino-
genesis [17]. MK expression is enhanced in
many human carcinomas such as lung, gastro-
intestinal, urinary bladder and prostate carci-
noma [18, 19]. FGF2 is a potent mitogen
expressed widely during embryogenesis [20],
proliferation, differentiation, survival, motility
[21] and angiogenesis [22]. Increased FGF2
levels have been observed in plasma samples
of patients affected by diverse malignancies,
such as leukemia and lung and breast cancers,
especially when metastases are present [23,
24].

Despite several studies, no biomarker has
been found to predict the clinical burden of
neurofiboromas in NF1 patients. Identifying the
growth factors involved in benign peripheral
nerve sheath tumor growth might allow
researchers to develop treatment strategies.
This study aimed to investigate whether serum
levels of MK and FGF2 were correlated with the
number and/or type of neurofiboromas in NF1
patients. In addition, as an underlaying hor-
monal regulation was suspected, their levels
were correlated with serum levels of dehydro-
epiandrosterone sulfate (DHEAS), a neuros-
teroid secreted by the peripheral nervous
system.

Materials and methods
Study design

This study was designed as a nested case-con-
trol study. Cases were identified by using the
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database of the Public Health Primary Care sys-
tem and the database from the Complejo
Asistencial Universitario de Leon. Only patients
that fulfilled the National Institute of Health
diagnosis criteria for NF1 (13) were included.
Patients with optic glioma, malignant peripher-
al nerve sheath tumors or other kinds of malig-
nancy were excluded to avoid confounding fac-
tors. Twenty patients provided written consent
and underwent clinical examination. For each
case, 1 to 2 controls from the Le6n Health Area
were included and matched for sex and age.
The Institutional Review Board and Ethics
Committee approved the study protocol
(@approval number 1060).

Patients

The study sample consisted of 20 cases (mean
age 40.2 years, SD 16.8 years; 50% women)
and 30 controls (mean age 41.4 years, SD
17.4 years; 50% women). Nine patients carried
a plexiform neurofibroma. cNFs were counted
and scored as following: O cNF, 1-50 cNFs
and >50 cNFs. Clinical features of NF1 patients
are shown in Table 1. For statistical analysis,
the age was recoded into three categories (<30
years, 30-50 years and >50 years).

Serum collection and enzyme-linked immuno-
sorbent assay

Blood samples were collected from NF1
patients and controls, stored at room tempera-
ture for 30 min and subsequently centri-
fuged at 1250 x g for 13 minutes at 4°C
(Eppendorf Centrifuge 5810R). The superna-
tant was transferred into microtubes and fro-
zen at -80°C until use. MK and FGF2 concen-
trations were measured by enzyme-linked
immunosorbent ELISA assay according to
manufacturer’s protocol: MK and FGF2 ELISA
kits from Antigenix America and DHEAS
Elisa Kit from Elabscience. ELISA range detec-
tion for MK: 23.44-3000 pg/ml, FGF2 range:
23.44-3000 pg/ml and DHEAS range: 15.63-
1000 ng/ml.

Statistical analysis

Descriptive statistics were used to describe
patient baseline characteristics. Quantitative
variables were assessed with measures of cen-
tralisation and dispersion, while qualitative
variables were described by relative frequen-
cies with 95% confidence intervals. The correla-
tion between MK and FGF2 levels was assessed
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Table 1. MK, FGF2 and DHEAS serum levels and clinical features of NF1 patients

Case Sex/ cNF  pNF  Location CAL Frecking thic Lisch nodules Osseous dysplasia Inheritance MK FaF2 DHEAS
age glioma (ng/ml)  (ng/ml) (ng/ml)
1 F/9* 0 1 Sacral plexus  6-20 Diffuse No No Severe scoliosis Maternal 0.31 1.06 138.9
2 M/21* 0 0 6-20 Axillary No No, choroidal nevus No Paternal 0.62 1.73 118.3
3 M/22 1-50 1 Sacral plexus 6-20 Axillary No No Sphenoidal dysplasia “De novo” ND 0.97 191.2
4 F/22 1to50 1 Back 6-20 Axillary, submammary No Yes No “De novo” 0.01 ND 140.5
5 F/22 1-50 1  Sacral plexus 6-20 Diffuse No No No “De novo” ND 1.94 167.1
6 M/28 0 1  Sacral plexus 6-20 Diffuse No Yes Left leg hypertrophy “De novo” 0.54 1.94 242.0
7 F/32 1-50 0 6-20 Yes No No No “De novo” ND 1.97 114.1
8 F/35 1-50 1 Abdominal 6-20 Axillary No No No Paternal 2.26 25.4 162.3
9 F/42 >50 0 6-20 No No No No “De novo” 1.34 17.18 130.2
10 M/42 1-50 1 Ankle 6-20 Axillary Yes Yes Tibial dysplasia “De novo” 1.55 12.72 134.1
Severe scoliosis
11 M/43 1-50 1 Right arm 6-20 Axillary No No data Severe scoliosis “De novo” 0.82 6.46 142.5
12 F/44 1-50 0 6-20 Diffuse Yes No Severe scoliosis “De novo” ND 0,27 172.8
13 F/48 >50 0 >20 Diffuse No Yes No Paternal 0.24 1.52 134.7
14 M/51 0 0 6-20 Diffuse No No Kyphoscoliosis “De novo” 0.19 ND 210.8
15 F/53* >50 0 6-20 Axillary, inguinal, submammary No Yes + Iris mammillations  No Maternal 1.10 8.42 321.9
16 M/54*  >50 1 Paratracheal 6-20 Axillary No No No “De novo” 0.14 ND 158.8
17 M/60 1-50 0 6-20 No No Yes No Maternal 0.07 ND 141.9
18 M/61 1-50 0 6-20 Axillary No Yes No Paternal 0.91 5.80 207.6
19 F/63" >50 0 <6 Axillary No Yes Partial sphenoid agenesis Maternal 0.94 6.27 440.7
20 M/76 1-50 0 6-20 Axillary No Yes No Paternal 0.14 ND 164.2

Abbreviations: NF1: neurofibromatosis type 1; cNF: cutaneous neurofibroma; pNF: plexiform neurofibroma; CAL: café-au-lait macules; MK: midkine; FGF2: fibroblast growth factor 2; DHEAS: dehydroepiandrosterone sulfate; ND: not detected. *
and ** are 2 members belonging to two different NF1 families.
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by linear regression. Student’s t-test and ANOVA
test were performed to compare means.

Levene’s test was performed to check homoge-
neity of variance. The Mann-Whitney test was
used to compare the non-parametric values
between two groups and the Kruskal-Wallis
test was used to check the heterogeneity of the
samples and to compare the non-parametric
values between n groups. A significance level
of 5% was considered in all analyses. The
Statistical Package for Social Sciences (SPSS®)
for Mac (Version 26) (IBM) was used for the sta-
tistical analysis.

Results
MK levels

The mean serum MK concentration was 0.56
ng/ml (SD 0.63 ng/ml) in NF1 patients and
0.40 ng/ml (SD 0.30 ng/ml) in healthy sub-
jects (P=0.913). No difference in gender, num-
ber of cNF or presence of pNF was observed.
MK serum levels showed an age dependent
pattern (P=0.083) with 0.25 ng/ml in <30
years group, 0.89 ng/ml in the 30-50 years
group, and 0.50 ng/ml in patients older than
50 years (Figure 1). In controls, serum MK con-
centrations varied slightly with age: 0.36 ng/
ml, 0.46 ng/ml and 0.41 ng/ml for <30 years,
30-50 years and >50 years, respectively
(P=0.524) (Figure 1). Higher serum MK levels
were found in NF1 patients than in controls
aged between 30 to 50 years, but the differ-
ence was not significant (P=0.245). However, in
this age group, NF1 patients with a pNF had 3
fold levels of MK compared with NF1 patients
without pNF (1.54 ng/ml versus 0.44 ng/mL;
P=0.076) (Figure 1). When comparing with con-
trols, MK levels were significantly increased in
NF1 patients carrying pNF (0.71 ng/ml versus
3.32 ng/ml respectively; P=0.003).

FGF2 levels

The mean concentration of serum FGF2 for
NF1 patients was 4.66 ng/ml (SD 6.79 ng/ml)
and 2.65 ng/ml (SD 4.02 ng/ml) for controls
(P=0.390). FGF2 levels showed a triphasic
age-dependent pattern in NF1 patients (P=
0.056) (1.27 ng/l, 9.28 ng/L and 2.93 ng/I).
FGF2 serum levels in controls declined with
age: 3.24 ng/l, 2.91 ng/l and 1.295 ng/I for
<30 years, 30-50 years and >50 years groups
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(P=0.161) (Figure 1). Analysis of FGF2 concen-
tration in NF1 patients did not reveal any asso-
ciation with gender, number of cNF or presence
of a pNF. Despite higher levels of FGF2 in NF1
patients than in controls in the age group 30
to 50 years, difference was not significant
(P=0.112; Figure 1). In this age group, NF1
patients with pNF showed higher FGF2 levels
in comparison with NF1 patients without pNF
(14.935 ng/l versus 4.744 ng/l; P=0.198)
(Figure 1). This difference reached significance
when compared with controls (6.12 ng/l in
controls; P=0.006).

Relationship between serum MK and FGF2
concentrations

A strong relationship was observed between
MK and FGF2 expression levels in both NF1
patients and controls (P<0.0001; Figure 2).

DHEAS levels

The mean serum DHEAS concentration was
181 ng/ml (SD 78 ng/ml) in NF1 patients and
159 ng/ml (SD 35.8 ng/ml) in healthy subjects
(P=0.235) (Figure 1). No differences in gender,
number of cNF and presence of pNF (Figure 1)
were observed.

Discussion

Several studies have previously attempted to
identify the growth factors involved in neurofi-
broma proliferation in the serum of NF1
patients. Higher serum concentrations of fetal
antigen-1 [25], melanocyte inhibitory activity
and melanin related metabolite 5-S-cyste-
inyldopa [26], MK and Stem cell factor [27]
have been previously found in NF1 patients,
although their levels were not associated with
type or number or neurofibromas.

In this study, we found that NF1 patients carry-
ing a pNF have higher serum levels of MK and
FGF2. However, this difference was observed
only in the cohort of patients aged between 30
and 50 years. While an increase in serum MK
levels upon reaching adulthood has been
observed in a prior study [27], a decline of MK
levels with older age in NF1 patients has not
been reported so far; the fact that it showed up
in our study may be related to the higher mean
age of our NF1 patients. An age-related pattern
of FGF2 serum levels in humans has not been
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Figure 1. Mean MK, FGF2 and DHEAS serum levels. (A) According to NF1 status among the different age groups (<30, 30-50 and >50 years) and (B) according to
the presence of pNF in NF1 patients among the different age groups (<30, 30-50 and >50 years).
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Figure 2. Strong association of MK and FGF2 serum levels in NF1 patients

and controls.

described yet but a down-regulation of FGF2
has been observed in senescent mouse embry-
onic fibroblasts [28] and human mesenchyme-
derived progenitor cells [29].

Unlike previously reported [27], we did not find
a significant difference in MK levels between
NF1 patients and controls. This might be due to
our small number of patients, which is the main
limitation of this study, and most importantly to
our exclusion criteria. To avoid bias, we exclud-
ed NF1 patients presenting with malignancies
that are known to express high MK levels (>1

ng/mL).

The age-related levels of both growth factors
and the preferential growth of neurofibromas
during puberty and pregnancy [30, 31] might
suggest an underlying hormonal regulation.
We considered dehydroepiandrosterone (DH-
EA) and its sulfate-ester (DHEAS) as hormone
candidates to explain neurofibroma prolifera-
tion as they are among the neurosteroids
secreted by the peripheral nervous system [32]
and they show a similar age-dependent secre-
tion pattern [33]. Serum DHEAS levels are high
during fetal life, fall rapidly after birth and
remain low until adrenarche. Serum levels
increase again around age of 25-30 years fol-
lowed by an age-dependent decline [34].
Although DHEAS was an interesting candidate,
we did not observe any difference in DHEAS
levels between NF1 patients and controls.

Surprisingly, we did find a strong association
between the serum levels of the two distinct
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a relationship is observed be-
tween both growth factors. A
similar strong linear correla-
tion was observed for 17(3-
estradiol (E2) and MK in the
serum of patients with lung
adenocarcinoma [35]. In that
study, E2 was able to enhance
MK transcription by inducing
recruitment of estrogen recep-
tor B (ER-B) to the estrogen-
responsive element (ERE) in
the MK promoter in lung ade-
nocarcinoma cells. They ob-
served an analogous effect for ER-a in MCF-7
breast cancer cells [35]. FGF2 is also known to
be an estrogen response gene [36, 37]. Thus,
E2 induce FGF2 secretion mainly through the
classical ER-a and - in both normal and can-
cer cells [37-40], but also through the GPER/
EGFR/ERK/c-fos/AP-1 signaling cascade in
cancer-associated fibroblasts [41]. Noteworthy,
DHEA and DHEAS are the main precursors of
active estrogens in women [42] and DHEA is
also able to stimulate GPER and ER-a36 [43].

This E2 signaling pathway might be relevant in
NF1 patients as neurofibromin was shown to
repress ERa signaling in a GTP independent
manner, by localizing with ER on an ERE in
breast cancer cells [44]. In that study, neurofi-
bromin depletion causes estradiol hypersensi-
tivity by increasing ER recruitment to EREs and
expression of estrogen response genes [44].
Therefore, we could hypothesize that NF1
patients who carried abnormal neurofibromin
might display an increased estradiol sensitivity
leading to increased expression of FGF2 and
MK (Figure 3).

In conclusion, our study identifies MK and FGF2
as biomarkers for pNF in NF1 patients. We
observed an age-dependent secretion pattern
of both growth factors as well as a strong asso-
ciation between serum levels of FGF2 and MK
in NF1 patients and controls. As both growth
factors are estrogen-responsive genes, we
hypothesized that they might be simultaneous-
ly expressed in response to E2. FGF2 ER-like
signaling could also contribute to MK secretion.
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Figure 3. lllustration depicts the hypothetical relationship between midkine, FGF2, ER and neurofibromin in NF1
patients. E2 binds to ERa in the membrane, cytoplasm and/or nucleus. Activated ER forms homodimers recognize
the ERE sequence and induce gene transcription [45]. Growth factors can also induce ER activity as a transcription
factor and induce gene transcription. Neurofibromin acts as a co-repressor of E2 induced gene transcription [44]. In
NF1 patients, mutant neurofibromin may lack E2 repressor activity and may allow transcription of genes that should
be repressed, such as MK and FGF2. E2 can also bind GPER, which mediates non-genomic effects of estrogen and
actives the G protein-dependent signaling pathway [46]. Thus GPER mediates a feedforward FGF2/FGFR1 paracrine
activation [41]. DHEA is also able to induce estrogen signaling by binding to GPER and ER-a36 [43]. Receiver operat-
ing characteristic curve and diagnostic values or midkine as tumor marker for colorectal carcinoma. The area under
the curve is 0.868 indicating that the diagnostic accuracy can be described as good. The optimal cut-off value of
56.42 pg/mL yields a balanced relationship between 84.3% sensitivity and 75.4% specificity. Abbreviations: CoR,
coregulator; DHEA, dehydroepiandrostenedione; E217-beta, estradiol; ER, estrogen receptor; ERE, estrogen respon-
sive element; FGF2, fibroblast growth factor 2; FGFR, fibroblast growth factor receptor, ECM, extracellular matrix,
GPER, G protein-coupled estrogen receptor; MK, midkine; NF1, neurofibromin; mut, mutant.
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