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Abstract

Background

Neurofibromatosis type | (NF1, MIM#162200) is a relatively frequent genetic condition,
which predisposes to tumor formation. Apart from tumors, individuals with NF1 often exhibit
endocrine abnormalities such as precocious puberty (2,5-5% of NF1 patients) and some
cases of hypertension (16% of NF1 patients). Several cases of adrenal cortex adenomas
have been described in NF1 individuals supporting the notion that neurofibromin might play
arole in adrenal cortex homeostasis. However, no experimental data were available to
prove this hypothesis.

Materials and Methods

We analysed Nf1Prx1 mice and one case of adrenal cortical hyperplasia in a NF1patient.

Results

In Nf1Prx1 mice Nf7 is inactivated in the developing limbs, head mesenchyme as well as in
the adrenal gland cortex, but not the adrenal medulla or brain. We show that adrenal gland
size is increased in NF1Prx1 mice. Nf1Prx1 female mice showed corticosterone and aldo-
sterone overproduction. Molecular analysis of Nf1 deficient adrenals revealed deregulation
of multiple proteins, including steroidogenic acute regulatory protein (StAR), a vital mito-
chondrial factor promoting transfer of cholesterol into steroid making mitochondria. This
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was associated with a marked upregulation of MAPK pathway and a female specific in-
crease of cCAMP concentration in murine adrenal lysates. Complementarily, we character-
ized a patient with neurofibromatosis type | with macronodular adrenal hyperplasia with
ACTH-independent cortisol overproduction. Comparison of normal control tissue- and adre-
nal hyperplasia- derived genomic DNA revealed loss of heterozygosity (LOH) of the wild
type NF1 allele, showing that biallelic NF7 gene inactivation occurred in the hyperplastic
adrenal gland.

Conclusions

Our data suggest that biallelic loss of Nf7 induces autonomous adrenal hyper-activity. We
conclude that Nf7 is involved in the regulation of adrenal cortex function in mice
and humans.

Background

Neurofibromatosis type I (NF1) is a multi-system disease caused by loss-of-function mutations
in the NFI gene which encodes a Ras-GAP protein, Neurofibromin. Primary disease manifesta-
tions are skin hyperpigmentations, so called ‘café au lait-spots’ (CALS) and freckles, benign cu-
taneous nerve sheath tumors (neurofibromas), and melanocytic iris hamartomas (Lisch
nodules). NF1 is associated with skeletal manifestations including generalized osteopenia or os-
teoporosis, scoliosis and, less frequently, focal skeletal dysplasias (pseudarthrosis, sphenoid
wing dysplasia). In addition, clinical manifestations include learning disabilitiesand an in-
creased risk of malignancy [1-3]. Hypertension and precocious puberty (PP) are frequent com-
plications in NF occurring in approximately 16% [4,5] and 2,5-5% [6-8] respectively. More
than a half of hypertensive NF1 patients do not have one of the two well-known causes either
renal artery stenosis or pheochromocytoma [9]. PP occurs mainly in association with optic
pathway glioma (OPG) compromising hypothalamic and pituitary function; however, PP has
been also reported in the absence of OPG [6-8]. Furthermore, PP is more commonly seen as a
manifestation of NF1-associated OPG compared with isolated OPG; and an association be-
tween PP and NF1 itself has been concluded [6].

Neurofibromin ablation results in activation of canonical mitogen-activated protein kinase
(MAPK) signalling. Dependent on the cellular context, this can also trigger activation of other
pathways and downstream effectors including PI3K/mTOR [10], c-Jun/JNK [11] or JAK/
STATS3 [12] signalling. Loss of neurofibromin was also shown to impact cAMP/PKA [13],
Rho/ROCK/LIMK2/Cofilin [14] and Rac1/Pakl/LIMK1/Cofilin [15] pathways. NFI inactiva-
tion in the limb bud mesenchyme (Nf1Prx1) resulted in a phenotype with similarities to the
NF1 tibial dysplasia, including reduced bone growth and long bone bowing [16]. Growth and
bone formation defects were associated with deregulation of growth plate chondrocyte and os-
teoblast function, respectively [16]. Loss of Nfl in mouse model in bone resulted in a profound
defect of osteoblast differentiation causing defective matrix mineralization [16]. In addition to
the osteoblast lineage, other mesenchymally-derived cell lineages are affected by loss of NfI. In
particular, we have shown that NflPrx1 mice have impaired skeletal muscle development [17].
This was associated with cell autonomous defect of myoblast differentiation and increased
muscle connective tissue proliferation, resulting in muscle fibrosis [17]. Collectively these stud-
ies broadened our understanding of the mechanisms leading to musculoskeletal system
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manifestations in NF1 and revealed that they are caused by the primary changes in the affected
cells rather than the effects of the nearby-localized tumors as previously postulated. However,
some aspects of the NF1 pathology remain unexplained. For example, NF1 associates with hy-
pertension and precocious puberty, aetiologies of which are not fully understood [18]. An en-
docrine involvement in the pathogenesis of these NF1 complications seems possible. Nfl was
previously implicated in the regulation of the pituitary-adrenal-endocrine axis [19]. Loss of
Nfl in CNS progenitor cells (Nflflox/flox x BLBPcre) resulted in a smaller pituitary gland and
impaired hypothalamic growth hormone releasing hormone (GHRH) and growth hormone
(GH) synthesis, while ACTH production was not affected [19]. Importantly, these defects
could not be rescued by re-expression of the Ras regulatory GRD domain suggesting other
than MAPK pathway (e.g. cAMP pathway) involvement. Inactivating mutations in NFI are fre-
quent in adrenal medullary tumors (pheochromocytomas) and it has been shown that NF1 is
required for control of proliferation and differentiation in chromaffin cells [20]. While medul-
lary tumors are frequent in NF1, only several cases of adrenal cortex adenoma associated with
NF1 have been described in the literature [21-23]. However, these cases of sporadic cortical hy-
perplasia suggest that NF1 might have yet unidentified roles in control of adrenocortical ho-
meostasis. While NfI is expressed in the embryonic adrenal cortex, its potential role in the
adult adrenal cortex has not been investigated [24]. Here we present the analysis of Nf1Prx1
mice, as well as a NF1 patient with macronodular adrenal hyperplasia, indicating that Nf1 is in-
deed implicated in control of adrenal cortex function.

Methods
Animals

Nf1Prx1 mice were generated by breeding the Nflflox/flox females with Nflflox/wt/Prx1Cre
males. All strains were maintained on the C57/Bl6 background. Nflflox, Rosa26-LacZ and
mT/mG mice were bred and genotyped as described previously [25-27]. Recombination efficien-
cy in NfI locus was tested in a competitive PCR using primers P1, P2 and P4 where P1 + P2 am-
plifies the excised allele (280 bp) and P1 + P4 amplifies the intact floxed allele (350 bp); for details
see [17]. All animal experimental procedures were approved by the ‘Landesamt fiir Gesund-
heitsschutz und Technische Sicherheit (LaGeTSi), Berlin, Germany (protocol number ZH 120).

gPCR

cDNAs were synthesized from 1 ug total RNAs with murine leukemia virus (MuLV) reverse
transcriptase (Applied Biosystems, Carlsbad, CA). TagMan universal PCR was then performed
on an ABI PRISMs 7900 cycler (Applied Biosystems), using the SYBR green method according
to the manufacturer’s instructions. Following primer sets were used:

Akrlb7: F 5'-CTGCCATTCTCAGCTTCAAC-3'; R5'-CATGCACGGATCTCATCAAG-3"'
Nflex41-42: F 5' -ggtggtgtgtatgtaaggtgttc-3'; R5'-cccatgtggatttaca-
cactaacc-3'

Cypl1Bl1: F 5' -GCAGAGGCAGAGATGATGC-3"'; R5'-ACAGGCCTGAAAGTGAGGAG-3'
StAR: F 5'-ACCTGCATGGTGCTTCATC-3'; R5'-GGTTGGCGAACTCTATCTGG-3"'
Cyp21Al: F 5'-GGATGAGATGGTTTGGGAAC-3'; R5'-AGCACCACAAAGAGCTCCAG-3"'
Hsd3b6: F 5' -AGACTGGGACTGCTGACACC-3"'; R5'-CTCCAGTTACCAGGCAGCTC-3'
Cypllb2: F 5'-TTTCCAGCACCTAGCCITTG-3"'; R5'-TAGGCCATCTGCACATCCTC-3"'
Cypllal: F 5' -ATTGCGGAGCTGGAGATG-3'; R5'-GCTTGAGAGGCTGGAAGTTG-3"'
McR2: F 5'-GTGACAAAGCCAAGGAGAGG-3'; R5'-GGTGTTTGCCGTTGACTTAC-3"'
GAPDH: F 5'-AACTTTGGCATTGTGGAAGG-3'; R5'-CAGTCTTCTGGGTGGCAGTG-3"'
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The expression levels were equilibrated towards GAPDH. Each determination was based on
six biological and 18 technical replicates.

Western blot

Whole adrenal gland lysates were prepared in RIPA buffer and protein concentration was de-
termined with the BCA protein assay kit (Pierce). Ten micrograms of protein were loaded per
lane and resolved by electrophoresis in SDS—polyacrylamide gels and transferred onto PVDF
membranes (Amersham). For Western blot analysis, membranes were incubated with the fol-
lowing antibodies: anti-phospho-p42/44 (pERK1/2) #9102 (Cell Signaling), anti-p44 (ERK1)
#4372 (Cell Signaling), anti-glycerinaldehyd-3-phosphat-dehydrogenase #Sc-25778 (Santa
Cruz), anti-pStAR [28] (a generous gift from Dr. Steven R King, Baylor Collage of Medicine,
Houston, TX, USA), anti-total StAR #sc-25806 (Santa Cruz). 2D gel electrophoresis was done
as described previously [29]. Following secondary antibody incubation blots were developed
with the Western Lightning Plus-ECL system (PerkinElmer).

Histological anlysis

For histological analysis adult adrenal glands were fixed in 4% paraformaldehyd (PFA), dehy-
drated and embedded in paraffin. Eosin-Hamatoxilin and Heidenhain’s Azan trichrome stain-
ing was performed according to standard procedures.

Immunohistological analysis

Paraffin sections were used for immunohistochemical analysis using Akr1b7 antibodies [30]
provided by (Dr. Antoine Martinez—Clermont Université, France) and anti 20-alpha-HSD an-
tibody from (Dr. Yacob Weinstein—Ben Gurion University, Israel).

ELISA measurements

Following ELISA kits were used: Corticosterone ELISA kit ADI 900097 (Enzo Life Science); Al-
dosterone ELISA kit ADI 900173 (Enzo Life Science), ACTH ELISA kit 40-101-325001 (Gen-
Way Biotech, Inc), cAMP EIA Kit Cat No 581001 (Cayman Chemical).

Proteomics analyses

Adrenal glands were prepared from NfI-deficient and control female mice (n = 6 per geno-
type). Proteins were extracted from shock-frozen tissue according to published protein extrac-
tion protocols [31]. Briefly, frozen sample buffer (50 mM TRIZMA Base, 50 mM KCl, and 20%
w/v glycerol at pH 7.5 with freshly-added proteinase and phosphatase inhibitors (Complete&-
PhosStop, Roche Diagnostics) was added to the tissue samples. Samples were ground to fine
powder in a mortar cooled by liquid nitrogen. After thawing samples to 4°C, they were sonicat-
ed on ice and incubated with DNAse. Protein extracts were supplied with 6.5 M urea, 2 M thio-
urea, 70 mM dithiothreitol, and 1% v/w of ampholyte mixture (Servalyte pH 2-4, Serva), and
stored at-80°C until further use. Proteins were separated using the large-gel 2D-PAGE tech-
nique as described [31]. The gel format was 40 cm (isoelectric focusing) x 30 cm (SDS-PAGE)
x 0.9 mm (gel width). Two dimensional protein patterns were obtained by silver staining of
gels [31]. Protein spot patterns were evaluated by Delta2D imaging software (version 4.0, Deco-
don). Percent spot volumes (after background subtraction) were used for quantitative analysis
of protein expression. The spot volume of each spot is the product of its size and intensity.
Datasets were analyzed using a paired two-tailed Student’s t-test as NfI-deficient and control
samples were always handled in pairs starting with protein extraction until after completion of
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2-D gel runs. Normality of data was elvaluated using Kolmogorov-Smirnov testing as described
before elsewhere [31]. Only spot volume ratios > 20% were considered (n = 6 biological repli-
cates, significance threshold p < 0.05) [31].

For protein identification by mass spectrometry (MS), 1.2 mg of the respective protein
extracts were separated by 2D-PAGE and stained using a MS-compatible silver staining pro-
tocol [32]. Protein spots of interest were excised from 2D gels and subjected to in-gel tryptic
digestion. Peptides were analyzed by an ESI-tandem-MS/MS on a LCQ Deca XP ion trap in-
strument (Thermo Scientific). Mass spectra were analyzed using MASCOT software (ver-
sion 2.2) automatically searching the SwissProt database (513877 sequences). MS/MS ion
search was performed with the following set of parameters: (i) taxonomy: Mus, (ii) proteo-
lytic enzyme: trypsin, (iii) maximum of accepted missed cleavages: 1, (iv) mass value: mono-
isotopic, (v) peptide mass tolerance 0.8 Da, (vi) fragment mass tolerance: 0.8 Da, and
(vii) variable modifications: oxidation of methionine and acrylamide adducts (propiona-
mide) on cysteine. No fixed modifications were considered. Only proteins with scores corre-
sponding to p<0.05 were considered. The cut-off score for individual peptides was
equivalent to p<0.05 for each peptide as calculated by MASCOT.

Analysis of human NF1 patient material.

The anonimised specimen of an NF1 patient with adrenal cortical hyperplasia was previously
databased in the ebook www.hereditarypathology.org/. Patient’s tissue was handled with in-
formed consent and according to the medical ethical guidelines described in the Code of Con-
duct for Proper Secondary Use of Human Tissue of the Dutch Federation of Biomedical
Scientific Societies. No specific Institutional Review Board (IRB) approval was required as tis-
sue samples were analyzed anonymously.

12 children with N1 were screened for adrenocortical dysfunction at a mean age of 8 years
(min. 3 years, max. 14 years) during their routine diagnostic work up. None of the children had
an opticus glioma within the region of the pituitary gland. The cortisol in blood in the morning
before 9:00 am was screened and nine children had an ultrasound of the adrenal gland.

DNA isolation from paraffin blocks

Adrenal gland paraftin blocks were sectioned at twenty um and the region of interest (the corti-
cal nodule) was dissected under inverted microscope. The collected tissue paraffin sections
were deparafinised with xylene and rehydrated in the decreasing concentrations of ethanol.
The tissue was lysed in 600pl of lysis buffer (proteinase K 0.3 mg/ml, 50 M Tris-HCI solution,
100mM NaCl, 100 mM EDTA, 1% SDS) over night at 52°C. Protein was precipitated with addi-
tion of 200 ul of 5M NaCl. The precipitates were centrifuged and the DNA solution collected in
the new tubes. DNA was precipitated with addition of 350 pl of isopropanol and the pellet
washed with 75% ethanol. DNA was dried and resolved in TE buffer.

Sanger sequencing

Sanger sequencing was conducted as described previously [33]. Presence of LOH was interro-
gated using following primer pairs for amplification of the exon 1 of NFI;

NF1_1_MID8_fw: CTCCACAGACCCTCTCCTTG;

NF1_1_MID8_rv: CTTCCCTTCCTTTCCTCCAG.
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LOH analysis by quantitative RT-PCR

To evaluate genomic DNA from adrenal tissue of NF1 patient for NF1-LOH, qPCR was per-
formed as described in [34]. In brief, copy number for each amplicon was quantified relative to
albumin (ALB) on 4q11 as autosomal two-copy control. In addition, we performed gender de-
termination calculating the coagulation factor VIII (F8, Xq28) relative to our two-copy control,
to assure its reliability. Primers used for LOH analysis:

RUNXZ2 6F AGACGGTCTCACTGCCTCTC

RUNXZ2 6R GATGGTCCCTAATGGTGTGG

F8-Ex3-F CTACCATCCAGGCTGAGGTTTATG

F8-Ex3-R CACCAACAGCATGAAGACTGACA

gh CPD_1 F ATCCGCAGGAACAAGTGAGT

gh _CPD_1 R CATTGTCTGAGCGCCTACTG

gh NF1-LOH-B F TGAGCTGAAAAGGTATAGATCCTC

gh NF1-LOH-B_R CCCCAAACACCGTAAGAGC

gh NF1-LOH-J F GTCGTGAAGGAAACCAGCAT

gh NF1-LOH-J R CCTGGTAGAAATGCGACTAAAGA

gh NF1-LOH-Q F CGCAACGGACCAGTTAAGA

gh NF1-LOH-Q RGCTCCTTTGTTCCTCCAACA

gh RHOT1 1 FCTCCAGATGGAGAGGGTCAC

gh RHOT1 1 RCCAGCGTAATGCTAGACACG

ALB-Ex12-F TGTTGCATGAGAAAACGCCA

ALB-Ex12-R GTCGCCTGTTCACCAAGGAT

Results

NF1Prx1 mice carry Nf1 inactivation in adrenal cortex but not adrenal
medulla

The Prx1-Cre transgene was previously reported to be expressed in the embryonic adrenal
gland [35]. We tested expression of Cre recombinase in the adrenal gland by crossing Prx1-Cre
mice with two reporter strains, Rosa26-LacZ [26] and mT/mG [27]. Both strains showed a pat-
chy pattern of reporter activation in the adrenal cortex, but not in the medulla. The cortical ex-
pression was consistently present in all analysed reporter mice (Fig. 1A-B).

Importantly, reporters were not expressed in the hypothalamus or pituitary (data not
shown). A varying degree of NfI inactivation was observed in the individual adrenal glands on
the genomic DNA level (Fig. 1C). We analysed NF1 transcript levels in individual adrenal
glands from three mutant females (6 adrenal glands) and three mutant males (6 adrenal glands)
as well as sex matched control mice (Fig. 1D). We did not detect significant differences in the
knock-out efficiency between sexes. Out of 12 analyzed mutant adrenal glands only one
showed less than 30% efficiency of NF1 inactivation (Fig. 1D). This data shows that in Nfl1Prx1
mice Nfl is inactivated in the adrenal gland cortex.

Nf1Prx1 mice show adrenal hyperplasia ACTH independent
hypercorticosteronemia and overproduction of aldosterone

We measured adrenal weight in two-month-old virgin mice. Adrenal size was significantly in-
creased in mutant mice of both sexes as indicated by a weight increase (Fig. 2A, B).
Importantly, adrenal weight increase was more pronounced in female mutants than in male
mutants (Fig. 2B). Histological analysis revealed inhomogeneous appearance of the zona fasci-
culata and zona reticularis with local increase of thickness of both these layers in mutant mice
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Fig 1. NF1 inactivation in the adrenal gland cortex. Whole mount LacZ staining showing a mosaic Cre-mediated recombination in adrenal cortex (dotted
line) of 5-weeks-old Rosa26-lacZ reporter x Prx1-Cre mice. (B) Similar mosaic Cre recombination in the adrenal cortex visualized with mT/mG reporter mice.
Note, no recombination was observed in the medulla. (C) PCR-based detection of recombined allele in the genomic DNA of 2-month-old Nf1Prx1 animals with
varying degree of inactivation in the individual adrenal glands. Knock-out efficiency in the individual Nf1Prx1 adrenal glands assessed by quantitative RT-
PCR. Note, out of 12 analysed mutant adrenal glands only one showed less than 30% efficiency of NF1 inactivation. c—cortex, m—medulla, f- fat, L- liver.

doi:10.1371/journal.pone.0119030.9001

of both sexes (Fig. 2C, D). Both zona reticularis and zona fasciculata contained densely packed
eosinophilic cells which were not aligned into cords. In contrast the zona glomerulosa appeared
histologically unchanged (Fig. 2D).

We have previously shown using Azan staining muscle fibrosis in Nfl1Prx1 model. Against
expectation we did not observe fibrosis in adrenal glands of Nf1Prx1 mice. Consistent with the
knock-out being restricted to the adrenal cortex, the histology of the medulla was not altered.
These results revealed adrenal gland hyperplasia as a previously unrecognized phenotype in
Nf1Prx1 mice. We next asked if adrenal gland hyperplasia in Nf1Prx1 mice also entails changes
in steroid hormone synthesis. We measured plasma corticosterone levels using mouse cortico-
sterone ELISA in samples from two-month-old mice of both sexes collected with care to mini-
mize stress in a time window between 9 a.m. and 11 a.m. The corticosterone measurements
revealed female specific hypercorticosteronemia in Nf1Prx1 mice (Fig. 2E). Importantly,
ACTH levels measured in NflPrx1 females were unchanged with a tendency to decreased levels
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representative female control and mutant adrenal glands. (B) Increased adrenal gland weight in female Nf1Prx1 mice. (C) Representative H&E staining of
adrenal glands from 2-month-old female wt and Nf1Prx1 mice. Higher magnification illustrating, thicker and structurally irregular and disorganized adrenal
cortex in comparison with control mice (lower panel). (D) Azan stained sections. Increased thickness of the (ZR) zona reticularis and (ZF) zona fasciculata in
the adrenals of mutant Nf1Prx1 mice. (E, F, G) ELISA based quantitative analysis of the serum corticosterone and Aldosterone levels. Note a female specific
increase of the corticosterone and Aldosterone level (measured 9-11 a.m.) Statistical evaluation was done with T-test with Welch’s correction.

doi:10.1371/journal.pone.0119030.g002
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(88,82 + 12,93 pg/mL in WT vs. 67,79 + 5,281 pg/mL in NflPrx1), indicating that their basal
hypercorticosteronaemia was independent of the pituitary and likely resulted from primary ad-
renal overactivity. The serum aldosterone levels were increased in female but not male Nf1Prx1
mice. Thus, similarly to glucocorticoids, mineralocorticoid synthesis was also affected by the
loss of Nfl (Fig. 2F). These findings corresponded with the more pronounced adrenal hyper-
plasia observed in female NflPrx1 mice compared to males.

Nf1Prx1 mice show changes in the morphology of zona fasciculata and
zona reticularis

Nf1 has been implicated in the control of Ras, Rho/ROCK/LIMK2/Cofilin [14] and Racl/
Pak1/LIMK1/Cofilin signaling [15]. These pathways determine signalling events used by cells
to sense changes in the extracellular environment. It is therefore interesting to note that cells in
adrenal cortex of Nfl1Prx1 mice (especially in the zona fasciculata) had altered morphology and
failed to align into fascicles (Fig. 3A—see graphical depiction of cell shapes in the insert area).

AKR1B7
2.09 Kk,
—
A B p<0.0001 PiXy [ female
1.54 L p=0.0005 @ male

relative expression

Akr1b7/ DAPI

cortex

cortex

Fig 3. Changes in adrenal cortex morphology in Nf1Prx1 mice. (A) Expression of Akr1b7 labelling zona fasciculata and zona reticularis in the Nf1 Prx1
adrenals. Paraffin sections of Nf1Prx1 and control adrenal glands immunostained for Akr1b7 (green) and counterstained with DAPI (blue). Note changes in the
cell morphology of the zona fasciculata in mutant (graphically represented in the inset panels on the left) and abnormal expression pattern of Akr1b7 in the mutant
cortex as compared to control specimens (white interrupted line and orange arrows). C.) gPCR measurement of the Akr1b7 gene expression in adrenal glands of
Nf1Prx1. Expression was measured in six adrenal glands of female and male mice of both genotypes. T-test with Welch’s correction: 3 asterisks: p<0,001.

doi:10.1371/journal.pone.0119030.g003
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This was visualized by immunostaining with anti- Akr1b7 antibody, which labelled both zona
fasciculata and zona reticularis (Fig. 3A). We also noted that the expression of Akr1b7 protein in
Nf1Prx1 adrenal cortex appeared unevenly distributed with markedly weaker immunolabeling
in some areas of the zona fasciculata (Fig. 3A—interrupted line and orange arrows). This was
confirmed by qPCR showing a decrease of Akr1b7 expression in male and female adrenal glands
of Nf1Prx1 mice (Fig. 3B). A major function of Akr1b7 is to detoxify lipid peroxidation products
created by oxidative deterioration of lipids containing carbon-carbon double bonds, especially
those derived from polyunsaturated fatty acids (PUFAs) [36,37]. Therefore it appears likely that
Nfl-deficient zona fasciculata cells have lower peroxylipid detoxification capacity. In contrast to
changes in the morphology of zona fasciculata we did not detect overt changes in the thickness
or morphology of the X-zone which was labelled with antibodies against 20-alpha-HSD (S1 Fig).

Loss of Nf1 results in transcriptional deregulation of genes involved in
corticosterone and aldosterone synthesis

Quantitative RT-PCR was used to analyze expression of genes involved in the corticosterone
and aldosterone synthesis pathway in adrenal glands of Nf1Prx1 mice. In female mutant mice
we detected a significant reduction of the transcript levels of Cyp11b1, Cyp21al, and steroido-
genic acute regulatory protein StAR, the genes involved in corticosterone synthesis (Fig. 4A).

Increased expression of HSD3b6 was seen, the gene encoding a protein crucially involved in
aldosterone synthesis [38]. In male mutant mice we detected significantly decreased expression
of Cypllal and Cyp21lal, the genes involved in conversion of cholesterol and pregnenolone,
respectively (Fig. 4B). Not regulated transcriptionaly were Cyp11b2, the gene encoding aldoste-
rone synthase required for the final step of aldosterone synthesis [39]; HSD3b1 the zona
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Fig 4. Changes in corticosteroid gene expression in adrenal glands of Nf1Prx1 mice. (A) gPCR based determination of the expression of genes
involved in corticosteroid synthesis. Note decreased expression of StAR, Cyp11b1 and Cyp21a1 genes, which are involved in corticosterone synthesis and
increased expression of Hsd3b6, the gene involved in aldosterone synthesis in female Nf1Prx1 adrenal glands. T-test with Welch’s correction: 1 asterisks:
p<0.1; 2 asterisks: p<0.01; 3 asterisks: p<0.001. (B) A diagram of the corticosterone synthesis pathway depicting synthesis steps and major genes involved
in the catalysis. Gene deregulations detected by the gPCR in the adrenal glands of Nf1Prx1 mice are indicated with red arrows.

doi:10.1371/journal.pone.0119030.9004
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fasciculata specific gene with function in both aldosterone and corticosterone synthesis (not
shown); and McR2, the gene encoding ACTH receptor (Fig. 4A). Thus, at the transcriptional
level several genes of the corticosterone synthesis pathway were down-regulated. The observed
female-specific increase of HSD3b6 gene expression was in line with the increased synthesis of
aldosterone in female mutants.

Loss of Nf1 causes increased MAPK signaling, increased StAR protein
expression and increased StAR phosphorylation in the Nf1 deficient
adrenal glands

We measured MAPK pathway activation in the Nfl1Prx1 adrenal glands using Western blots
and densitometry. We detected a significantly increased level of ERK1/2 phosphorylation in
the adrenal glands of NfPrx1 mutant mice of both sexes as compared to controls. In contrast
MEK]1 phosphorylation was not significantly increased (Fig. 5A).

To gain more information about proteome changes in the female Nf1Prx1 adrenal glands
we conducted a 2-D gel based proteomic screen. Multiple proteins were found to be significant-
ly deregulated in the mutant adrenals (S1 Table). Notably, we detected increased abundance of
three protein spots identified as StAR (steroidogenic acute regulatory), a rate limiting enzyme
of steroid synthesis (spot1/SID1586 ratio Mutant/Control = 1.44, p-value = 0.002; spot2/
SID1574 ratio Mutant/Control = 1.43, p-value = 0.038; spot3/BID1176 ratio Mutant/Control =
1.29, p-value = 0.04) (Fig. 5A, see also S1 Table). Increased StAR protein expression was in con-
trast with transcriptional down-regulation of the StAR gene, which points to a possible deregu-
lation of StAR protein turnover (Fig. 4A) [40]. In this context it is interesting to note that the
expression of Lonp1, the mitochondrial protease responsible for StAR degradation [41] was
found to be significantly decreased in mutant adrenals (spot SID343 ratio Mutant/Control =
0.63, p-value = 0.002; spot SID343 ratio Mutant/Control = 0.59, p-value = 0.02) (S1 Table).

To further explore the possible role of StAR in the observed phenotype we tested StAR
phosphorylation status using pStAR specific antibodies [42]. StAR phosphorylation was previ-
ously shown to positively impact its catalytic activity [42]. Western blot analysis revealed a
strong female-specific hyperphosphorylation of StAR in the Nf1Prx1 mice (Fig. 5C). Addition-
ally, 2D-gel Western blot analysis revealed that multiple isoforms of StAR protein were hyper-
phosphorylated in the mutant mice (Fig. 5D). Thus, StAR phosphorylation was markedly
increased in the adrenal glands of the Nf1Prx1 female mice, which is a likely cause of the ob-
served increase of the corticoserone synthesis.

cAMP signaling has been implicated in the control of adrenocortical development and
growth [43]. Measurement of the cAMP level in the whole adrenal gland lysates revealed a sig-
nificantly increased cAMP concentration in the hyperplastic adrenal glands of mutant female
mice (Fig. 5C).

Adrenal macronodular hyperplasia with cortisol overproduction in NF1
patient associated with loss of heterozygosity in NF1 locus

We analysed a female patient diagnosed with neurofibromatosis type 1 (NF1) and carrying the
heterozygous NFI mutation NM_000267:c.405delG p.E8Nfs*16. The patient was diagnosed
with a pilocytic astrocytoma of the cerebellum at the age of 20 and had multiple cutaneous neu-
rofibromas. At the age of 30 years the patient presented with hypercortisolism, whereas meta-
nephrines were not elevated. ACTH level was suppressed (ACTH < 5.0 ng/l) indicative of
ACTH-independent Cushing syndrome. Upon surgical resection, the enlarged adrenal gland
showed macronodular cortical hyperplasia with a dominant nodule of 1 cm in diameter. Tissue
samples of the surgically removed adrenal gland were processed for paraffin embedding and
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Fig 5. MAPK activation StAR overexpression and StAR hyperphosphorylation in the Nf1Prx1 female adrenal glands. A.) Densitometry based
quantification of the western blots showing relative expression intensity of pMEK1 vs. MEK1 and pERK1/2 vs. ERK1/2. The upper inserts show
representative bands of the female adrenal gland analysis. B.) Quantitative 2D-gel based analysis of the StAR expression level. 2D gels were performed with
whole organ lysates of six control and six mutant murine adrenal glands. Relative spot intensity was determined with densitometry. The spots were identified
with help of mass spectrometry as described in methods C.) Quantitative Western blot analysis of pStAR vs. StAR expression level in the adrenal glands
from three months old Nf1Prx1 and control mice. The number of adrenal gland lysates used per genotype is given in the graph for each experiment. Band
intensities were measured densitometrically and band intensity ratios were calculated. D.) 2D gel Western blot analysis of pStAR and StAR expression in
female adrenal glands. Note increased phosphorylation of multiple StAR isoforms in the lysates of Nf1Prx1 adrenal glands. E.) ELISA determined
concentrations of CAMP per mg of protein in the whole organ lysates from adrenal glands of three months old mice. T-test with Welch’s correction: 1
asterisks: p<0.1; 2 asterisks: p<0.01; 3 asterisks: p<0.001.

doi:10.1371/journal.pone.0119030.g005

DNA isolation. Adrenal hyperplastic tissue was isolated under inverted microscope from the
paraffin sections (Fig. 6A, B).

DNA was isolated from paraftin sections as described in methods and Sanger sequencing re-
vealed loss of heterozygosity in the hyperplastic adrenal tissue (see loss of wt allele in Fig. 6C).
Quantitative PCR to determine the size of wt allele deletion revealed that the whole chromo-
some 17 was lost in the hyperplastic adrenal tissue, yielding biallelic NFI inactivation. Thus, so-
matic loss of both NF1 alleles appears to underlie adrenal hyperplasia in the index patient.
Additionally, we screened a small cohort of NF1 pediatric patients. In 12 children with NF1
morning cortisol levels and the volumetric measurement of the adrenal gland were within the
normal range without signs of hyperplasia, suggesting that NF1 heterozygousity is not suffi-
cient to induce the adrenocortical dysfunction.
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doi:10.1371/journal.pone.0119030.g006
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Discussion

This study unveils a new role of NF1 in the regulation of adrenocortical function. As shown by
reporter mouse analysis, Prx1-cre transgene is active in the adrenal cortex but not adrenal me-
dulla or pituitary gland. In NflPrx1 mice NfI expression is impaired in adrenal gland leading
to adrenal cortex hyperplasia with altered cellular morphology and deregulated gene and pro-
tein expression. The adrenal hyperplasia was associated with female specific overproduction of
corticosterone and aldosterone while the ACTH level tended to decrease. Increased aldosterone
synthesis was, at least in part, explained by the observed increased expression of type VI
3-beta-hydroxyl-steroid dehydrogenase gene (Hsd3b6) which is a functional counterpart of
human HSD3BI gene [38]. Hsd3b6 is a crucial regulator of the aldosterone synthesis co-
expressed in the zona glomerulosa with aldosterone synthase (Cyp11b2) [38]. Since Hsd3b6 ex-
pression is under control of circadian clock and neurofibromin has been implicated in the con-
trol of circadian output in Drosophila [44], it is possible that expression of Hsd3b6 is
influenced by NfI through MAPK regulated molecular clock mechanism. Indeed, we detected
increased phosphorylation of ERK1/2 in the adrenals of female and male Nf1Prx1 mice indi-
cating that Nfl controls MAPK signaling intensity in adrenal cortex. ERK signaling has been
previously shown to regulate corticosteroid synthesis and multiple endocrine and non-
endocrine factors were shown to stimulate ERK1/2 phosphorylation in adrenocortical cells
[45]. In line with this we found that Nf1Prx1 female mice had elevated corticosterone levels.
Since pERK1/2 phosphorylation was increased in both females and males, but corticosterone
synthesis was increased exclusively in females we reasoned that additional factors must con-
tribute to the sex specificity of the glucocorticoid synthesis deregulation. At the transcriptional
level most genes of corticosterone synthesis were down-regulated (Fig. 4). Our search for the
pathogenic factor underlying hypercorticosteronemia led to the identification of StAR (ste-
roidogenic acute regulatory protein) being overexpressed at protein level in the adrenal glands
of female Nf1Prx1 mice (Fig. 5), an observation which was in contrast with StAR gene tran-
script down-regulation. This kind of discrepancy between mRNA and protein expression is not
rare as abundance of many proteins is regulated at the level of protein stability [40]. Important-
ly, StAR controls the first and rate-limiting step of the glucocorticoid (GC) synthesis by shut-
tling cholesterol from outside mitochondria to the inner of the mitochondrial membranes [46].
Steroidogenic potential of StAR is regulated by phosphorylation of serine residues by protein
kinase A (PKA) [42]. It has also been shown that StAR directly interacts and is phosphorylated
by ERK, which stimulates GC synthesis [47,48]. Consistent with the observed female-specific
corticosterone overproduction we detected increased levels of phospho-StAR in female but not
male Nf1Prx1 adrenals (Fig. 5). The basis of this sex specificity remains elusive. One possible
explanation is involvement of the female steroid-mediated signaling. The role of steroid hor-
mones in the NF1 phenotype has been discussed previously in the context of tumorigenesis as
number and size of neurofibromas in NF1 individuals has been shown to increase during preg-
nancy and puberty [49]. Several observations hint towards a possible role of steroid hormones
in the context of adrenal function. First, female and male mice show significant differences in
adrenal size such that at the age of eleven weeks the weight of adrenal glands in female mice is
about two-fold higher compared to male littermates [50]. Second, in ovariectomised rodents,
treatment with estrogen results in increased adrenal gland weight [51]. Lastly, estradiol treat-
ment was reported to increase ERK1/2 phosphorylation in rat adrenal cortex cells and cortico-
steroid synthesis [52,53]. Thus, sex steroids impinge on adrenal growth and function and their
potential role in the observed sex specificity of corticosterone and aldosterone overproduction
in Nf1Prx1 mice should be addressed in future studies.
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Apart from female specific StAR hyperphosphorylation, we detected female specific increase
of cAMP concentration in the NflPrx1 adrenals. cAMP/PKA signaling has been previously im-
plicated in the pathomechanism of NF1. In Schwann cells and osteoblasts, NFI inactivation
leads to increased intracellular cAMP [54] and increased PKA activity respectively [55]. Exces-
sive cAMP signalling in Schwann cells causes cell growth and impairs differentiation [56]. Sim-
ilarly to Schwann cells, also adrenal cortex cells are sensitive to changes in cAMP signaling
[43]. This is reflected by the genetics of corticotropin independent Cushing syndrome with ad-
renal hyperplasia (OMIM: #610489; #219080), which is observed in association with Carney
complex (OMIM: #160980) as well as McCune-Albright syndrome (polyostotic fibrous dyspla-
sia) (OMIM: #174800). Both conditions are caused by mutations in genes encoding proteins in-
volved in cAMP signalling pathway. Carney complex is caused by inactivating germ line
mutations in the PRKARIA gene encoding regulatory type I-a (RIot) subunit of protein kinase
A (PKA) [55]. McCune Albright syndrome is caused by somatic mutations in the GNASI gene
encoding the stimulatory G-protein alpha subunit, a key element of the signal transduction
pathway linking receptor-ligand interactions with the activation of adenylate cyclase [57]. Spo-
radic cases of micronodular adrenal hyperplasia causing ACTH-independent Cushing syn-
drome were also linked to mutations in phosphodiesterase-11A (PDE11A) [58] and
phosphodiesterase 8B (PDE8B) [59]. PDE11A is known to catalyze the hydrolysis of both
cAMP and cyclic GMP (cGMP) whereas PDE8B is cAMP specific.

Thus, several lines of evidence indicate an important role of cAMP signalling in the aetiol-
ogy of corticotrophin independent adrenal nodular hyperplasia. Moreover, the data presented
in this manuscript support the importance of neurofibromin as a causative factor in adrenal
nodular hyperplasia in patients with NF1. Biallelic inactivation of NFI had been previously re-
ported in one case of adrenal cortical tumor [23], and adrenal adenoma have been described in
association with NF1 in several reports [21-23].

Conclusions

Our data suggest that previously observed adrenal adenoma cases in NF1 were not coinciden-
tal, and might have been caused by the biallelic inactivation of NFI in the adrenal cortex. It
must be stressed that these cases are extremely rare. While there are no reports of a Cushing-
like phenotype in children or adults with NF1, and the results of analysis in the small group of
children with NF1 were normal, our data suggest that screening of NF1 population for poten-
tial subclinical adrenocortical hyperactivation should be undertaken, especially in the context
of such symptoms as precocious puberty and hypertension.

Supporting Information

S1 Fig. Expression of 20-alpha-HSD labelling X zone. Paraffin sections of the adrenal glands
from six months old Nf1Prx1 and control mice were immunostained for 20-alpha-HSD
(green) and counterstained with DAPI (blue).

(TIF)

S1 Table. Proteins significantly altered in adrenal glands of mutant and control female
mice (n = 6 per genotype).
(PDF)
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