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1 | INTRODUCTION

Neurofibromatosis type 1 (NF1) is an autosomal dominant cancer pre-
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Abstract

Neurofibromatosis type 1 (NF1) is an autosomal dominant syndrome whose charac-
teristic manifestations include benign neurofibromas, yet NF1 is also associated with
a high risk of cancer. Measurements of circulating free plasma DNA (cfDNA) are
gaining wider applicability in cancer diagnostics, targeting of therapy, and monitoring
of therapeutic response. Individuals with NF1 are likely to be followed up using this
method, but the effects of NF1 and neurofibromas on cfDNA levels are not known.
We studied peripheral blood samples from 19 adults with NF1 and 12 healthy con-
trols. The cfDNA was isolated from plasma with QlAamp Circulating Nucleic Acid Kit
and quantified using the Qubit 2.0 Fluorometer. The cfDNA concentration of each
sample was normalized relative to the plasma protein concentration. The normalized
median concentration of cfDNA in plasma was 19.3 ng/ml (range 6.6-78.6) among
individuals with NF1 and 15.9 ng/ml (range 4.8-47.0) among controls (p = .369). Indi-
viduals with NF1 who also had plexiform neurofibroma (pNF) showed non-
significantly elevated cfDNA concentration compared to individuals with NF1 and
without known pNF (median 25.4 vs. 18.8 ng/ml, p = .122). The effect of NF1 on
cfDNA seems to be relatively small and NF1 is therefore unlikely to hamper the use

of cfDNA-based assays.
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plexiform neurofibromas (pNF) (National Institutes of Health Consen-
sus Development Conference, 1988; Gutmann et al., 2017). There are

considerable differences in neurofibroma-related tumor burden

disposition syndrome caused by pathogenic variants of the tumor sup-
pressor gene NF1 (Wallace et al., 1990; Gutmann et al., 2017). The
prevalence of NF1 is 1/2,000-3,000 (Uusitalo et al., 2015; Kallionpaa
et al., 2018). NF1 is characterized by benign cutaneous neurofibromas
(cNF), café-au-lait macules of the skin, skinfold freckling, Lisch nodules

of the eye, skeletal abnormalities, optic pathway gliomas, and

between individuals with NF1: the number of ctNF may vary from less
than a dozen to thousands (Plotkin et al., 2012). Although benign, pNF
may constitute tumor mass up to several kilograms.

The lifetime risk of cancer in individuals with NF1 is as high as
60%, and the prognosis of NF1-associated cancer is often worse than

in the general population (Uusitalo et al., 2016). Tumors of the central
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and peripheral nervous system are characteristic of NF1. pNF may
progress to malignant peripheral nerve sheath tumors (MPNSTSs) that
are associated with a very poor prognosis (Ingham et al., 2011;
Gutmann et al., 2017). Unlike the general population, the incidence of
MPNSTSs starts to increase already at teenage in NF1, and the stan-
dardized incidence ratio of MPNST in NF1 may be as high as 2,056
(95% Cl 1,561-2,658) (Uusitalo et al., 2016; Peltonen et al., 2019). In
addition to tumors of the nervous system and brain, other cancers
associated with NF1 include, for example, those of the breast and gas-
trointestinal tract (Sharif et al., 2007; Uusitalo et al., 2016; Seminog
and Goldacre, 2013; YIa-Outinen et al., 2019; Kenborg et al., 2020).

Measurements based on circulating free DNA (cfDNA) are gaining
wider applicability in cancer diagnostics and treatment. Also, non-
invasive prenatal testing (NIPT) utilizes cfDNA to analyze fetal DNA
from the mother's blood. Due to the increased risk of cancer associ-
ated with the NF1 syndrome and the expanding use of NIPT, individ-
uals with NF1 are expected to be frequently subject to cfDNA-based
analyses. The cfDNA in overall and the tumor-derived subset of
cfDNA, the circulating tumor DNA (ctDNA) in particular may be used
to monitor therapeutic response and tumor burden, and to detect
residual disease in patients with cancer (Schwarzenbach et al., 2011,
Crowley et al., 2013; Heitzer et al., 2015; Ossandon et al., 2018).
Moreover, cfDNA analyses, also known as liquid biopsies, can eluci-
date disease prognosis and allow targeting of therapy when specific
actionable alterations are found in ctDNA (Haber and
Velculescu, 2014; Bonner et al., 2018). Because cfDNA and ctDNA
allow minimally invasive, repeated sampling that is not restricted to a
certain region of the tumor like traditional biopsies, they are well
suited for, for example, tumors of the nervous system where sampling
the tumor may be difficult or carry a high risk for complications
(Schwarzenbach et al., 2011; Crowley et al., 2013; Haber and
Velculescu, 2014; Heitzer et al., 2015; Bonner et al., 2018; Ossandon
et al., 2018; Siena et al., 2018).

A great promise lies in the analysis of cfDNA for early detection
of cancers in asymptomatic persons, which would allow treatment at
an early and potentially curable stage (Haber and Velculescu, 2014;
Amant et al., 2015). While analyses limited to ctDNA allow higher
specificity and sensitivity than cfDNA (Crowley et al., 2013), ctDNA
analysis is not applicable in asymptomatic individuals where no tumors
are initially known. Even if the specificity of cfDNA analysis was not
sufficient alone, it can be useful in combination with imaging or
protein-based biomarkers such as prostate-specific antigen
(Wu et al., 2002; Chun et al., 2006; Schwarzenbach et al., 2011;
Heitzer et al., 2015; Bonner et al., 2018). Screening based on cfDNA
would be most efficient in persons carrying either genetically or envi-
ronmentally increased risk for cancer (Haber and Velculescu, 2014),
such as the NF1 syndrome.

The plasma cfDNA concentrations among healthy persons typi-
cally range between O and 100 ng/ml (Jahr et al, 2001; Boddy
et al., 2005; Chun et al., 2006; Schwarzenbach et al., 2011; Kim
et al., 2014; Devonshire et al., 2014; Fernando et al., 2017; van Ginkel
et al., 2017; Kammesheidt et al., 2018). Increased cfDNA concentra-
tions have been reported in, for example, breast cancer (Sunami

et al., 2008), sarcoma (Namlgs et al., 2017), prostate cancer (Chun
et al., 2006), and colorectal cancer (Umetani et al., 2006). However,
increases in cfDNA level may also be related to other conditions such
as tissue damage and 2014;
Schwarzenbach et al., 2011; Heitzer et al., 2015). It is not currently
known whether NF1 can affect the individuals' cfDNA concentration.

inflammation (Thierry et al,

Such an effect could be possible, for example, because of the benign
tumor burden related to cNF and pNF. Knowing how NF1 relates to
cfDNA concentration is important for optimizing the use of cfDNA
assays in the treatment of cancers occurring in individuals with NF1
as well as when planning screening for NF1-related malignancies. The
present study aims at exploring the effects of NF1 on plasma cfDNA
to pave the way for use of cfDNA in the diagnosis and treatment of

NF1-related complications.

2 | METHODS

2.1 | Editorial policies and ethical considerations
The study was carried out in accordance with the Declaration of Hel-
sinki. It was approved by the Ethics Committee of the Hospital Dis-
trict of Southwest Finland and had study permission from Turku
University Hospital. The study was registered in ClinicalTrials.gov with
identifier NCT02680431. All participants provided written informed
consent for blood sampling and analysis of cfDNA. The individuals
with NF1 also consented for the use of their medical records.

2.2 | Participants

Adult patients with NF1 who visited the Turku Neurofibromatosis
Centre in Turku University Hospital (Turku, Finland) were eligible for
the study. The participant selection was not based on disease mani-
festations. A total of 21 individuals with NF1, aged 18-64 years, were
enrolled in the study. The controls were 14 persons without NF1 or a
history of cancer. The controls were frequency matched to individuals
with NF1 for age and sex.

2.3 | Sample processing and cfDNA analysis

Peripheral blood was drawn into Li-Heparin tubes and processed
within 4 hr of sampling. The plasma cfDNA has previously been
reported to be stable for at least 4 hr after sampling (Jung et al., 2003;
Lam et al., 2004; Crowley et al., 2013). Blood was diluted 1:1 with
phosphate-buffered saline, and plasma was isolated using Ficoll-Paque
PLUS (GE Healthcare Bio-Sciences, Uppsala, Sweden) gradient centri-
fugation at 2,000g for 30 min. Care was taken to aspirate plasma
without disturbing the mononuclear cell layer. The isolated plasma
was stored at —80°C until analysis. Upon thawing, 3 ml of plasma was
centrifuged at 1,000g for 10 min and the supernatant was collected in

order to remove any potential remaining cells. Two samples from
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individuals with NF1 and two samples from controls were excluded
because of visually detected hemolysis. After exclusion of these sam-
ples, all remaining samples showed low absorbance at 414 nm as mea-
sured using NanoDrop ND-1000 Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA).

The cfDNA was isolated from 2 ml of plasma using QlAamp Cir-
culating Nucleic Acid Kit (Qiagen, Hilden, Germany) according to the
manufacturer's instructions. The cfDNA was eluted into 50 pl of the
buffer supplied in the kit. The concentration of double-stranded
cfDNA in the eluate was measured in duplicate with Qubit HS Assay
Kit (Invitrogen, Eugene, OR) and Qubit 2.0 Fluorometer (Invitrogen)
according to the manufacturer's instructions.

In order to control for variation in plasma dilution during sample
processing, protein concentrations of the plasma samples were mea-
sured using the bicinchoninic acid assay (Pierce BCA Protein Assay
Kit, Thermo Fisher Scientific, Rockford, IL). Each sample was mea-
sured at 1:20 and 1:30 dilution and the calculated original concentra-

tions were averaged.

2.4 | Clinical information

Clinical information on the history of cancer, optic pathway glioma,
and pNF was extracted from the medical records of the patients.
The numbers of cNF and subcutaneous neurofibromas (scNF) were
estimated by an experienced clinician (SP) at the time of blood

sampling.

2.5 | Statistical analysis

The protein concentration measured in each sample was divided by
the mean of protein concentrations of all samples to obtain a normali-
zation coefficient. The cfDNA concentration values were divided by
the normalization coefficient to ensure comparability between sam-
ples. For statistical analysis, the normalized cfDNA values were natu-
ral logarithm transformed to obtain a Gaussian distribution. Linear
regression modeling was used to compare cfDNA values between
individuals with NF1 and controls. Both unadjusted, and age-adjusted
and sex-adjusted regression models were used. Because of the low
number of participants, no multivariate model incorporating both age
and sex was constructed. Comparisons by the numbers of cNF and
scNF, and history of pNF were conducted within the NF1 group.
Two-tailed p values <.05 were considered significant. The R software

version 3.3.2 was used for the analyses.

3 | RESULTS

Samples from 19 individuals with NF1 and 12 controls were available
for analysis (Table 1). The groups were similar in terms of age at sam-
pling and sex. All individuals with NF1 had cNF, more than half of
them also had scNF and one third was known to have pNF. Only one

TABLE 1 Characteristics of the individuals with NF1 and controls
included in the cfDNA analysis

Individuals
with NF1 Controls
n 19 12
Age (years; mean, SD) 36.0(12.9) 38.7
(12.0)

Sex

Women (n, %) 11 (57.9%) 5(41.7%)

Men (n, %) 8(42.1%) 7 (58.3%)
Cutaneous neurofibromas (n, %)

None 0 (0.0%)

1-5 1 (5.3%)

6-49 12 (63.2%)

50-99 3(15.8%)

100-500 2 (10.5%)

>500 1 (5.3%)
Subcutaneous neurofibromas (n,

%)

None 8(42.1%)

1 0(0.0%)

2-5 5(26.3%)

6-10 1(5.3%)

>10 3(15.8%)

Not available 2 (10.5%)
Plexiform neurofibroma (n, %)

Yes 6 (31.6%)

None known 13 (68.4%)

individual with NF1 had been diagnosed with optic pathway glioma,
and three had a history of cancer 2-19 years before sampling.

The median of unadjusted cfDNA concentration in plasma was
20.0 ng/ml (range 8.2-68.9) among individuals with NF1 and
17.9 ng/ml (range 5.1-38.1) among controls (p = .546). After normali-
zation with respect to plasma protein concentration, the median
cfDNA concentration was 19.3 ng/ml (range 6.6-78.6) among individ-
uals with NF1 and 15.9 ng/ml (range 4.8-47.0) among controls
(Figure 1). There was no statistically significant difference between
individuals with NF1 and controls in the unadjusted analysis
(p = .369). Analysis involving both NF1 and sex also indicated no sig-
nificant effect of NF1 (p = .454, .284) or sex (p = .480, .317) when
either the plain or normalized cfDNA concentration was used. How-
ever, the analysis adjusted for age at sampling showed a marginally
significant difference between individuals with NF1 and controls
(p = .079 for plain cfDNA, p = .023 for normalized cfDNA), and also
the interaction between NF1 and age at sampling was marginally sig-
nificant (p = .085 for plain cfDNA, p = .032 for normalized cfDNA). As
a sensitivity analysis, we excluded one individual with NF1 with a
much higher cfDNA concentration than observed in the others

(Figure 1), yet the difference in normalized cfDNA concentration
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FIGURE 1 Normalized plasma concentrations of circulating free

DNA (cfDNA) in individuals with neurofibromatosis type 1 (NF1) and
controls. Age, sex, the estimated numbers of cutaneous
neurofibromas (cNF) and subcutaneous neurofibromas (scNF), and
history of plexiform neurofibroma (pNF) are shown for each person

between individuals with NF1 and controls persisted in the age-
adjusted analysis (p = .045). Among individuals with NF1 only, older
individuals had lower cfDNA concentration (plain cfDNA, Spearman's
p = —0.72; normalized cfDNA, Spearman's p = —0.55).

No pattern between the normalized cfDNA concentration and
the number of cNF was observed among individuals with NF1
(Figure 2). The results were essentially the same when plain cfDNA
concentration without normalization was used (data not shown). Indi-
viduals with six or more scNF seemed to have higher normalized
cfDNA concentration than individuals with <6 scNF (Figure 2), yet the
difference was not statistically significant (p = .514). Moreover, the
median of normalized plasma cfDNA concentration was 25.4 ng/ml
(range 10.7-78.6) among individuals with NF1 and pNF, and
18.8 ng/ml (range 6.6-34.6) among individuals with NF1 without pNF
(p = .122). The individual with the highest concentration of cfDNA
was known to have two internal pNF and at least one atypical

neurofibroma.

4 | DISCUSSION

No significant difference between individuals with NF1 and controls
was observed in the unadjusted analysis. Older age was associated
with lower cfDNA concentration among individuals with NF1 but not
among controls, which explains why the difference between the two
groups was statistically marginally significant after adjustment for age.
Even then, the observed difference between individuals with NF1 and
controls was relatively small and it is likely not clinically significant.
Our data suggest that pNF and scNF may be related to higher cfDNA
concentration among individuals with NF1, yet the current sample
size and the lack of volumetric information on tumor burden do not
allow us to prove such an association. The number of cNF as such
does not seem to associate with the concentration of cfDNA.

Since the change in cfDNA concentration caused by the NF1 syn-
drome and neurofibromas is small, NF1 is not expected to reduce the
sensitivity of cfDNA-based assays. In NIPT, the ratio of fetal to mater-
nal cfDNA affects the sensitivity of the assay (Wang et al., 2013).
Moreover, a wide variation in the proportion of ctDNA out of total
cfDNA has been observed in studies of patients with tumors (Jahr
et al., 2001; Heitzer et al., 2015). It is thus essential to know how NF1
and the associated benign tumor burden affect cfDNA concentration
to optimize assays used for individuals with NF1. Although further
studies are needed, the analysis of cfDNA holds a great promise for
individuals with NF1 who are at a highly increased risk for various
malignancies, often associated with a poor prognosis (Uusitalo
et al., 2016). Early detection of the tumors might improve the progno-
sis of NF1-associated cancers. The analysis of cfDNA could prove par-
ticularly useful in cases where detecting the transformation of a
benign pNF into MPNST poses a challenge. The tumor may be highly
heterogeneous and invasive procedures carry a high risk of complica-
tions related to neural and vascular damage, highlighting the need for
a minimally invasive sampling procedure, such as liquid biopsy
(Bonner et al., 2018).

The characteristic tumors of NF1, benign neurofibromas, may
form a substantial tumor burden and it is thus plausible that they
could modify cfDNA concentrations. NF1-related tumors are also
known to contain immune cells (Karmakar and Reilly, 2017),
suggesting a potential inflammatory process, which could affect
cfDNA release. It is possible that age changes the intratumoral inflam-
mation, which affects the cfDNA concentrations in NF1. Our observa-
tion of a declining cfDNA concentration by increasing age is in
contrast to previous studies suggesting an association of older age
with higher cfDNA levels in some groups (Kim et al., 2014; Meddeb
et al., 2019) and may thus reflect a process specific to NF1. It can also
be hypothesized that the older individuals with NF1 have mild disease
manifestations, as severe complications would have led to an early
death. However, the upper quartile of age at sampling was 42.5 years
among participants with NF1, suggesting that bias related to the
severity of NF1 manifestations and premature mortality is not likely
to be significant.

We quantified the cfDNA using a fluorescence-based assay.

Many previous studies have used PCR-based methods for cfDNA
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quantification (Umetani et al., 2006; Sunami et al., 2008; Devonshire
et al, 2014). However, fluorescence-based quantification has good
sensitivity (Wu et al., 2002), is easily applicable in clinical settings
(Tissot et al, 2015) and also allows the quantification of non-
amplifiable cfDNA (Jahr et al., 2001; Szpechcinski et al., 2008).
Fluorescence-based cfDNA assays have previously shown high corre-
lation with PCR-based methods (Szpechcinski et al., 2008; Fernando
et al., 2017). Since there are no mutational hotspots in the NF1 gene
(Koczkowska et al., 2020) and no other genes are known to be recur-
rently mutated in neurofibromas, measuring ctDNA specifically was
not feasible in the setting of the present study. The cfDNA values
were normalized relative to plasma protein concentration to take into
account any variation during sample processing. Theoretically, the
normalization could obscure the results if there was significant physi-
ological variation of plasma protein concentration unrelated to the
concentration of cfDNA. However, our analyses based on the plain
cfDNA concentration were highly concordant with those using nor-
malized data, indicating the robustness of the findings.

The median cfDNA concentrations of 20 and 18 ng/ml among
individuals with and without NF1, respectively, are higher compared
to studies reporting cfDNA levels <10 ng/ml in the healthy population
(Boddy et al., 2005; Devonshire et al., 2014; Fernando et al., 2017).
On the other hand, concentrations up to 100 ng/ml have been regu-
larly reported in healthy populations (Chun et al., 2006;
Schwarzenbach et al., 2011; Kim et al., 2014; van Ginkel et al., 2017;
Kammesheidt et al., 2018). The varying estimates are most likely due
to methodological differences between studies. Even if the methods
utilized here yield higher cfDNA concentrations than in some previous
studies, the within-study comparison between individuals with and
without NF1 remains valid. The number of individuals included in the
current explorative study is very limited. Moreover, the cfDNA con-
centrations were only compared to the clinical features observed at

the time of blood sampling. The participants were not screened for

pNF and indolent tumors may not have been detected. Further stud-
ies are needed to establish the effects of NF1 on cfDNA in larger sam-
ples and to assess the potential of cfDNA to predict NF1-related
complications before clinical symptoms. In order to definitely deter-
mine whether the cfDNA from benign NF1-related tumors affects the
signal from malignant tumors, individuals with cancer and either low
or high benign tumor burden should be studied, preferably repeatedly
over time, and the volumetric tumor burden should be correlated with
cfDNA and ctDNA levels. Naturally, a similar setting could be
employed during pregnancy to assess the utility of NIPT.

The current results show that NF1 may affect the plasma cfDNA
concentration, but the effect is relatively small. Further studies are
needed to elucidate the contribution of pNF on cfDNA, yet based on
the present results, NF1 is not likely to hamper cfDNA-based assays.
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