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Abstract

Cells sense physical properties of their extracellular environ-
ment and translate them into biochemical signals. In this
study, cell responses to surfaces with submicron topogra-
phies were investigated in cultured human NF1 haploinsuf-
ficient fibroblasts. Age-matched fibroblasts from 8 patients
with neurofibromatosis type 1 (NF1*-) and 9 controls (NF1*/+)
were cultured on surfaces with grooves of 200 nm height
and lateral distance of 2 wm. As cellular response indicator,
the mean cell orientation along microstructured grooves
was systematically examined. The tested NF1 haploinsuffi-
cient fibroblasts were significantly less affected by the to-
pography than those from healthy donors. Incubation of the
NF1*~ fibroblasts with the farnesyltransferase inhibitor FTI-
277 and other inhibitors of the neurofibromin pathway ame-
liorates significantly the cell orientation. These data indicate
that NF1 haploinsufficiency results in an altered response to
specific surface topography in fibroblasts. We suggest a new

function of neurofibromin in the sensoric mechanism to to-
pographies and a partial mechanosensoric blindness by NF1

haploinsufficiency. Copyright © 2012 . Karger AG, Basel

Neurofibromatosis type 1 (NF1) is a common mono-
genic tumor-predisposition disorder caused by inactivat-
ing germ line mutations in the neurofibromin gene
(NFI*") [Ferner, 2007]. Multiple benign nerve sheath tu-
mors, called cutaneous neurofibromas, are one of the
hallmarks of the disease. The development of a cutaneous
neurofibroma is caused by the bi-allelic inactivation of
NF1 (NFI7") in a specific progenitor cell which is subse-
quently clonally expanded [Jouhilahti et al., 2011]. The
bi-allelic inactivation of NF1 (NF1-diploinsufficiency) is
due to a stochastic inactivating (second) mutation in the
NF1 wild-type allele pointing to the tumor suppressor
function of NF1 [Parrinello and Lloyd, 2009; Gottfried et
al., 2010]. In human diseases related to tumor-suppressor
genes, it is often suggested that only the complete loss of
the protein caused by the bi-allelic inactivation of a tu-
mor-suppressor gene results in specific symptoms such as
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tumor formation, whereas simple reduction of protein
quantity to about 50% caused by the inactivating germ
line mutation, often called haploinsufficiency, essentially
does not affect cellular behavior.

Several functional consequences of NF1 haploinsuffi-
ciency were characterized in thelast decades [McLaughlin
and Jacks, 2002; Jouhilahti et al., 2011]. In vivo, NF1 hap-
loinsufficiency is related to several non-tumor manifesta-
tions, such as learning and spatial-visual deficits [Hyman
et al., 2005], generalized hyperpigmentation [Riccardi,
1981], reduced bone density [Kuorilehto et al., 2005; Lam-
mert et al., 2005], reduced density of dendritic spines [Lin
etal., 2007], and the excessive vessel wall cell proliferation
after vascular injury [Xu et al., 2007; Lasater et al., 2008].
In addition, NF1 haploinsufficiency in the cellular envi-
ronment of a tumor promotes its progression in vivo. That
observation was made in Nfl mouse models in both plexi-
form neurofibromas [Yang et al., 2008; Staser et al., 2012]
and optic gliomas [Daginakatte and Gutmann, 2007; Sim-
mons et al,, 2011], e.g. via hyperactivated Nf1"/~ mast cells
as critical mediators [Khalaf et al., 2007; Parrinello and
Lloyd, 2009; Staser et al., 2010]. In neurofibromas, a mul-
tipotent NF1*/~ precursor cell population seems to be im-
portant for tumor development [Jouhilahti et al., 2011]. In
vitro, NF1 haploinsufficiency influences several cellular
pathways. An altered proliferation was found in mast
cells [Ingram et al., 2000], melanocytes [Kaufmann et al.,
1991], fibroblasts, keratinocytes, osteoblasts, astrocytes
[Jouhilahti et al., 2011], and endothelial cells [Wu et al.,
2006]. The upregulated cell cycle and DNA repair path-
ways in NF17/~ cells may promote the loss of the wild-type
allele [Pemov et al., 2010]. NF1 haploinsufficiency also
downregulates cell susceptibility to apoptosis [Shapira et
al., 2007]. In mast cells, it increases the survival in re-
sponse to Steel factor [Ingram et al., 2000; McDaniel et al.,
2008]. Cell-type specific syntheses can be changed by NF1
haploinsufficiency, e.g. the production of melanin in me-
lanocytes [Kaufmann et al., 1991; De Schepper et al,
2005], of osteopontin in osteoblasts [Li et al., 2009], of
FGF-2, PDGF and midkine in Schwann cells [Mashour et
al., 2001], or of collagen in fibroblasts [Yang et al., 2006].

Some NF1*/~ cells display more variable sizes and shapes
than their NF1*/* counterparts, when they are cultured on
surfaces with high stiffness such as Schwann cells [Rosen-
baum et al., 2000], keratinocytes [Koivunen et al., 2000;
Korkiamaiki et al., 2002] or osteoclasts [Heervi et al., 2010;
Stevenson et al.,, 2011]. Several findings demonstrate al-
terations in the cytoskeletal organization by NF1 haploin-
sufficiency. Visualization of individual cytoskeletal com-
ponents has revealed irregular organization of the whole
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cytoskeletal system in NF1*/~ keratinocytes [Koivunen et
al., 2000]. Cytoskeletal actin abnormalities were observed
in Nf1*/~ astrocytes [Gutman et al., 2001]. An increased
actin belt formation was shown in human derived cultured
NF1*/- osteoclasts [Heervi et al., 2010; Stevenson et al.,
2011]. In cultured NF1*~ melanocytes, an increased varia-
tion of dendrite formation was found [Kemkemer et al.,
2002]. In these cells, increased noise in regulation of den-
drite formation is an effect of NF1 haploinsufficiency.

NF1 encodes a very large 2,818 amino acid protein.
Neurofibromin acts as a Ras-specific GTPase-activating
protein (RasGAP) downregulating the biological activity,
especially of K-Ras influencing the mitogen-activated
Ras-MAPK pathway activity [Dasgupta et al., 2005a; Mc-
Clatchey et al., 2007]. The RasGAP activity is mediated by
a central portion, termed GAP-related domain. In search
for functions of neurofibromin beyond the RasGAP activ-
ity, a number of interaction partners other than Ras have
been identified [Welti et al., 2008], including kinesin-1,
protein kinase A (PKA) and C (PKC), Syndecan, Caveo-
lin-1 [Boyanapalli et al., 2006], glycerophospholipids
[Welti et al., 2007] and the amyloid precursor protein.
Very recently a direct binding between neurofibromin
and SPREDI was reported [McClatchey et al., 2012; Stowe
et al., 2012]. This interaction seems to be very important
for membrane localization of neurofibromin. Neurofibro-
min regulates the actin filament dynamics via the Rho-
ROCK-LIMK2-Cofilin pathway [Boyanapalli et al., 2006].
Several additional pathways are regulated additionally by
neurofibromin, such as mTOR and Akt [Dasgupta et al.,
2005b; Lee et al., 2007; Banerjee et al., 2011]. The central
GRD is flanked by a lipid-binding Secl4p-like domain
(NF1-Sec) and a pleckstrin homology-like domain (NF1-
PH) adjacent to and interacting with the NF1-Sec portion
[D’Angelo et al., 2006; Welti et al., 2008, 2011]. In addition,
a physical interaction between neurofibromin and focal
adhesion kinase (FAK) has been reported, suggesting an
involvement of neurofibromin in cell adhesion [Kweh et
al., 2009]. FAK is found in focal adhesions, complex pro-
tein clusters linking the intracellular actin cytoskeleton to
the extracellular environment via adhesion receptors in
the membrane of cells. Focal adhesions and associated
proteins such as FAK are supposed to be key players in the
process of mechanotransduction, the translation of me-
chanical cues of the environment into biochemical intra-
cellular signals.

Here the function of neurofibromin in the sensoric of
extracellular topographies was investigated in cultured
fibroblasts. Cells sense the topography of their environ-
ment and interact with native topographical structures as
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given by collagen bundles in many ways. For example, lo-
cal variations in geometry can be transduced into bio-
chemical signals that result in various cell responses. The
underlying molecular mechanisms are often described as
mechanotransduction [Vogel, 2006]. Various in vitro ob-
servations of responses across cell type, feature size, fea-
ture geometry, and the physical properties of the sub-
strate material, including substrate stiffness [Yim and Le-
ong, 2005; Dalby et al., 2007; Loesberg et al., 2007; Biela
et al., 2009; Janmey et al., 2011] have demonstrated the
importance of mechanotransduction.

One method to measure the effects of such physical
signals on cells is the use of surfaces with well-defined
surface topographies [Dalby, 2005; Vogel and Sheetz,
2006; Lim and Donahue, 2007]. Naturally occurring to-
pographic structures within the extracellular matrix
present topographical cues that influence cellular behav-
ior. The size of the topographical structures can be either
in the nanometer-range or in the range of micrometer.
Some extracellular matrix proteins such as collagen mol-
ecules, for example, exhibit abundant, nanometer-scale
structures, and bundles of these fibers can be microme-
ters in size. Also the basement membranes of many tis-
sues exhibit rich topographies [Orr et al., 2006].

Micro- and nanofabrication techniques such as soft
lithography enable the fabrication of substrates that
mimic the structure and length scale of native topogra-
phies in 2-dimensions [Lim and Donahue, 2007; Lim et
al., 2007], allowing for detailed in vitro studies. One well-
studied example of cell responses to surface topographies
on micro-manufactured substrates is the so-called con-
tact guidance [Dalby, 2005]. In contact guidance, cells re-
spond to topography structures on sub-micrometer scale
by adapting their cell morphology with respect to elon-
gated surface structures [Jungbauer et al., 2004]. Studies
revealed a cell-type specific sensitivity in the contact
guidance behavior of human endothelial cells, smooth
muscle cells and fibroblasts [Biela et al., 2009]. Surface
topographies can also alter the gene expression profiles
of various cell types [Lim et al., 2007]. It is suggested that
surfaces could be utilized as a signaling modality for di-
recting differentiation, e.g. of human mesenchymal stem
cells. Cultured on surfaces with a specific topography;,
these stem cells preferentially differentiated into neuro-
nal lineages suggesting the potential of structured sub-
strates to induce selective stem cell differentiation [Kur-
pinski et al., 2006]. The cellular mechanism of sensoric of
extracellular topograhies is not completely understood.

We investigated the cell response in vitro to topograph-
ic structured surfaces of NF1 haploinsufficient fibro-

Mechanosensoric in NF1 Cells
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Fig. 1. Principle of soft lithography and generation of microstruc-
tured PDMS substrates for cell cultures. Grooves: d = width, h =
height.

blasts. Since adhesions clusters and cytoskeleton struc-
tures are thought to be key components of the contact
guidance response, we specifically investigated if NF1
haploinsufficiency can alter this type of cell response.

In a pilot study, NF1*/~ and aged fibroblasts were cul-
tured on surfaces with different elongated features
(grooves), and first evidences were found for an altered
orientation response of these cells [Kaufmann et al,
2011]. Here, in a detailed study including the use of neu-
rofibromin pathyway inhibitors, we show that indeed the
mechanosensitivity to specific topographies is altered in
tibroblasts from various NF1 patients, indicating a new
function of neurofibromin in the cellular sensoric of ex-
tracellular topograhies.

Materials and Methods

Cell Culture Substrates

Master wafers were produced by photolithography as moulds
for transferring the topography pattern to biocompatible
polydimethylsiloxane (PDMS) (Sylgard 184; Dow Corning, Mich.,
USA) substrates [Jungbauer et al., 2004] (fig. 1). They contained
several rectangles with parallel grooves of different heights (h:
100 and 200 nm) and groove widths (d: 2, 3, 5, and 10 wm). The
areas between the rectangles not containing grooves were used as
control surfaces. The PDMS substrates were produced by mixing
the pre-polymer with the curing agent with a ratio of 10:1 and
cured on the master wafer at 65°C for 24 h. To increase surface
wettability and allowing for cell adhesion, before cell experi-

Mol Syndromol 2012;3:169-179 171



Table 1. Origin of the cultured cells

Name Age, years Gender NF1 Passages NFI mutation
Controls
K17 3 male NFI++* 5 -
K14 11 male NF1+ 6 -
K9 22 female NFI++ 8
K8 23 male NFEI1++* 6 -
K20 24 female NF1** 7 -
K24 29 female NFI1++* 8
K5 31 male NFI1++* 4 -
K19 40 male NFI++* 8 -
K23 55 female NFI++* 7 -
NF1 patients
NEF329 9 female NFI+- 5 €.6085-1G>A
NF82¢ 18 male NFI1t- 4 unknown
NF183 26 female NFE1*- 7 2972insT
NE82b 31 male NFIt- 4 unknown
NF196 32 female NFI*- 8 655insTT
NF324 39 male NFI*- 4 unknown
NE213 41 male NFIt- 7 2590insTATA
NF84a 52 female NF1+- 8 887delA

Fig. 2. Cell orientation in respect to the orientation of grooves.
The angle o was measured. To characterize the mean cell orienta-
tion, the order parameter S = <cos(2c)> was calculated: random
orientation: S = 0, perfect orientation along the grooves: S = 1.

ments, the substrates were treated either with oxygen plasma
(200 W, 1 mbar, Tepla RIE, Germany) for 8 s and 4 h with fetal
bovine serum (FBS) or by coating 2 h with Poly-L-Lysin and 4 h
with FBS. PDMS substrates were sterilized with 70% ethanol,
washed 3X by PBS and finally used in the experiments. The surface
topography of the substrates was verified by atomic force micros-
copy and scanning electron microscopy [Kemkemer et al., 2006].

Cell Culture

The processing of tissue and the preparation of the human fi-
broblasts was performed as described by Griesser et al. [1995].
Biopsies from 9 healthy male and female donors (K5-K23, aged
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3-55 years) were obtained from the prepuce or the skin of the up-
per arm (table 1). The skin samples of NF1 patients were isolated
from excisions of dermal neurofibromas using the adhering nor-
mal skin outside of the tumors. Al NF1 patients (aged 9-52 years)
were clinically examined by the NF clinic Ulm or by one of the
authors (D.K.) and met the clinical criteria for neurofibromatosis
1. One patient (NF180) was suggested for cutaneous NF1 mosa-
icism. In 5 of 8, the NF1 germ line mutation is characterized (ta-
ble 1). The research carried out was in compliance with the Hel-
sinki Declaration (Ethikkommission Universitit Ulm, A 185/09).
The fibroblasts were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) with 10% FBS at 37°C and 5% CO,. Cells were
seeded on the coated PDMS substrates in regular culture media
in a density of 15,000 cells/cm?. After 24 or 48 h, at least 16 micro-
graphs at randomly chosen positions were taken for each surface
topography by a AxioCam Mrm CCD camera attached
to an AxioVert 200 microscope (Zeiss, Oberkochen, Germay)
equipped with a 10X phase contrast objective.

Image and Data Analysis

Microscopy images of the cells were analyzed by Image]J soft-
ware (http://rsb.info.nih.gov/ij/). First, the contours of the cells
were marked, and an ellipse was fitted to the outline of each cell.
The orientation angle of each ellipse, as well as the angle of the
groove microstructures ([3), was determined in order to calculate
the cell orientation angle (o) (fig. 2). This angle gives the orienta-
tion of the cell’s long axis relative to the direction of the grooves.
To characterize the mean cell orientation, the order parameter
(S = <cos(2a)>) was calculated [Kemkemer et al., 2006]. Fibro-
blasts are randomly orientated for S = 0 and perfectly aligned
along the grooves for S = 1. Atleast 100 cells per surface condition
were evaluated (N).
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Neurofibromin Pathway Inhibitors

NF1*/~ fibroblasts (NF239) were treated for 2 days with the fol-
lowing inhibitors (all derived from Calbiochem, Darmstadt, Ger-
many) influencing the neurofibromin pathway: FTI-277 (30 uM,
HRAS Inhibitor) [Ammoun et al., 2008], PD98059 (25 wM,
MAPK-Inhibitor) and Y27632 (10 pM, ROCK-Inhibitor) [Huang
et al., 2004], and Rapamycin (5 wM, mTOR-inhibitor) [Dasgupta
et al., 2005b]. The Rac-Inhibitor NSC23766 (50 M), [Xu et al.,
2009] derived from Toris Bioscience (Bristol, UK). The doses of
the inhibitors are related to the doses described in the literature
cited above.

Statistical Analysis

Statistical analysis was carried out by Origin software (Micro-
cal; OriginLab Corporation, Northampton, Mass., USA). The
mean values and standard errors (SEM) were compared with each
other. Statistical analysis was performed with the t-test while p <
0.05 was defined as statistically significant.

Results

Orientation of Control Fibroblasts Depends on Height

and Width of the Submicron Topographies

The orientation of cells on extracellular surface to-
pographies depends on the groove height and width of
the microgrooved structures. First, we tested which to-
pography results in a high degree of orientation for the
adhesive cells. Primary control fibroblasts (K14) were
cultured on PDMS substrates with different groove
heights (h = 100 and 200 nm) and widths (d =2, 3, 5and
10 wm). On a flat PDMS surface, the cells are randomly
aligned with no preferred orientation (fig. 3a). Cultured
on groove topographies, they aligned their cell body
preferably in the direction of the grooves. For a given
groove height (h), the orientation decreases with increas-
ing groove width (d) (fig. 3b). The alignment of cells
along the grooves is highest for the width of d = 2 pm
and smallest for d = 10 pm. The order parameter S is
higher for cells on substrates with h = 200 nm than for
those on substrates with h = 100 nm for all 4 grooves
widths d. The control fibroblasts are almost perfectly
aligned along the groove direction ford =2 pmand h =
200 nm. The small standard deviation of the order pa-
rameter S indicates a small variation in cell orientation
under these conditions.

Differences in Orientation between Control and NFI

Fibroblasts Are Time and Topography Dependent

To investigate if there are differences between control
and NF1I cells depends on the width of the grooves, 3 age-
matched cell pairs were cultured on grooves with 2, 3, 5
and 10 wm for 2 days. The control and NF1 fibroblasts

Mechanosensoric in NF1 Cells

differ in shape (fig. 4). NF1 cells aligned along the groove
direction in a similar way as controll cells; however, dif-
ferences in the order parameter S were most obvious (p <
0.001) in cells cultured on grooves of 2 wm width as dem-
onstrated for the pair K19/NF213 (fig. 5). The order pa-
rameter S is reduced for NF1 cells at these conditions. On
grooves with a width of 10 pwm, the differences in S be-
tween the cells were diminished; NF1 and control cells
were in average orientated to a similar degree. Analogous
results were obtained for the 2 additional pairs (K8/
NF239 and K8/NF239, data not shown).

The orientation of cells on submicron topographies re-
quires the spreading of the cells and the adjustment of
structural components like the cytoskeleton. In addition,
tibroblasts synthesize extracellular matrix which may in-
terfere with the effects of the microgrooved topographies
on orientation of cells. Therefore, we tested the cell align-
ment at different time points after cell seeding. Results for
control fibroblasts (K19) grown on substrates allowing
for a high degree of orientation (d = 2 pwm, h = 200 nm)
are given for day 1, 2 and 3 after seeding. At all 3 time
points, the fibroblasts align along the grooves. However,
the orientation increases in time (fig. 6).

Then we tested age-matched NF1 fibroblasts (NF291)
for their orientation in time. Their orientation parameter
(S) increases in time, but was lower at all tested time
points (fig. 6). The highest difference in S between the
cells of the control and the NF1 patient was found at day
2 (p < 0.001). In order to further test difference in orien-
tation of cells from several healthy and NF1 donors, we
used the experimental condition that proved to show the
largest differences in the response of NF1 and control
cells.

NF1I Fibroblasts Are Less Sensitive to a Specific

Submicron Topography than Control Fibroblasts

Orientation of aged-matched fibroblast cultures of 9
healthy donors and 8 NF1 patients was measured in 10
independent experiments using the protocol given
above. As shown in figure 7, in 9 of 10 experiments the
fibroblasts from healthy donors show a relative higher S
than the fibroblasts of NF1 patients. In summary, the
difference in orientation between control and NF1 fi-
broblasts is significant (p = 0.0078). NF1*/~ fibroblasts
are less sensitive to specific extracellular microgrooved
topography than aged-matched fibroblast of healthy do-

nors.
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Fig. 3. Highest orientation of control fibroblasts was found along
the grooves in PDMS substrates with height of 200 nm and width
of 2 wm. a Phase contrast microscopy images of human fibro-
blasts of a control (K14) cultured for 2 days on PDMS substrates
(1) without grooves, (2) with grooves of d = 10 wm and h =200 nm
and (3) with d = 2 pm (h = 200 nm). Arrow: orientation of the
grooves. b The average orientation (S = <cos(2a)>) of the control
fibroblasts (K14) was determined by measuring the angle .. The
cells were cultured on substrates with groove heights h = 200 nm
(circles) and h = 100 nm (squares) and groove widths d of 2, 3, 5,
and 10 pm; N = 100-145.

The Reduced Topographic Sensitivity in NFI~ Cells

Can Be Partly Rescued by Inhibitors of Pathways

Dysregulated by NF1 Haploinsufficiency

The reduced amount of neurofibromin in the NF1*/-
cells results in an increased activity of proteins in several
pathways, such as Ras, MAPK, Rac, mTOR, and ROCK.
A reduction of their activity in NF1*/~ cells could influ-
ence the tested cell biological parameter, their orientation
on nanometer microgrooved surface. In order to test this,
cells were treated for 2 days with neurofibromin pathway-
related inhibitors. Four out of 5 of these inhibitors ame-
liorate the orientation of the NF1 cells (NF329). Inhibi-
tion of HRAS activity by incubation with a farnesytrans-
ferase inhibitor (FTI-277) significantly increases the
orientation of NF1*/~ fibroblasts (p < 0.001) (fig. 8). Also
the inhibition of the cellular Rac activity by the inhibitor
NSC23766 increases the orientation of the NF1*/~ cells
(p <0.01). In contrast, inhibition of ROCK activity by in-
cubation with Y27632 results in a loss of cellular orienta-
tion on the grooves. This experiment illustrates that the
reduced sensitivity of NF1*/~ fibroblasts can be rescued
partly by inhibitors of the neurofibromin pathyway.
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Fig. 4. Fibroblasts of a control and NF1 differ in shape. The age-matched cell pair was cultured for 2 days on
PDMS substrates (grooves d = 2 wm, h = 200 nm). Phase contrast microscopy images of (a) fibroblasts derived
from the skin of control (K14) or (b) a NF1 patient (NF82b). Arrow: orientation of the grooves. Scale bar: 50
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Fig. 5. Higher relative orientation of control fibroblasts as NFI*/~
fibroblasts on grooves with a width of 2pm. Age-matched pairs of
control und NF1 fibroblasts (K19/NF213) were cultured for 2 days
on substrates with grooves with different widths (h = 200 nm,
d=2,3,5,and 10 wm). The cellular orientation S (S = <cos(2a)>)
was determined between control and NF1 fibroblasts by measur-
ing the angle o. N = 141-201; P(C) # S(NF1). ***p < 0.001.

Mechanosensoric in NF1 Cells

Fig. 6. Control and NFI*~ fibroblasts differ in orientation in time.
The cell pair (K19 and NF213) was cultured for 1, 2 and 3 days on
grooves (d = 2 um, h = 200 nm). The average orientation was de-
termined. N = 138-348. ***p < 0.001, *p < 0.05.
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Fig. 7. NFI*/~ fibrobasts are less orientated on defined topogra-
phies than NFI*/* fibroblasts. Cells were cultured for 2 days on
structured PDMS substrates (d = 2 pm, h = 200 nm). The pairs
are aged and passage (p) matched. Pair 1: K20/NF183 (p7/p7); pair
2: K8/NF329 (p6/p5); pair 3: K17/NF329 (p5/p5); pair 4: K19/
NF213 (p5/p5); pair 5: KI9/NF213 (p7/p8); pair 6: K5/NF82c
(p5/5); pair 7:K8/NF324 (p5/p5); pair 8: K14/NF82b (p5/p5); pair
9: K23/NF84a (p7/p8); pair 10: K24/NF196 (p8/p8); pair 11:K9/
NF180 (p8/p8). N = 110-436; p for S(C) # S(NF1). ****p < 0.0001,
#5%p < 0,001, **p < 0.01.

Discussion

In our study, we present first evidence for a reduced
contact guidance reaction of NF1*/~ fibroblasts if cul-
tured on defined extracellular submicron topographies.
The finely tuned interaction between cells and their
physical surroundings is crucial for the regulation of
many important cellular functions. The in- and outward
signaling can be disturbed by mutations in genes regulat-
ing cellular mechanotransduction [Jaalouk and Lam-
merding, 2009]. The cellular mechanisms for sensing ge-
ometries or topographies share common features with
the mechanisms for sensing and transducing forces and
mechanically induced deformations into biochemical
signals, finally leading to biological responses [Vogel and
Sheetz, 2006]. Therefore, one may assume a broad rele-
vance of our observation.

In our experiments, an orientation response to very
small topography with a height of 100 nm was found in
cultured human control fibroblasts. Others have report-
ed a topographic sensitivity of cultured fibroblasts to
grooves of 35 nm height [Loesberg et al., 2007]. We found
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Fig. 8. Inhibitors of pathways dysregulated by NF1 haploinsuf-
ficiency ameliorate the mean orientation (S) in NFI*/~ fibroblast.
NF329 fibroblasts were treated for 2 days with inhibitors (I) of
neurofibromin regulated pathways. I 1: Ras (30 pM FTI-277); 1 2:
Rac (50 wM NSC23766); 1 3: MAPK (25 wM PD98059); I 4: mTOR
(5 wM Rapamycin); I 5: ROCK (10 wM Y27632). K8: fibroblasts of
an age matched control. S = <cos(2a)>: orientation of the cells
on the grooves (h = 200 nm, d = 2 pwm). N = 122-173 cells; p:
S(NF1 untreated) # S(NF1 treated). ***p < 0.001, **p < 0.01,
*p < 0.05.

similar sensitivities also in other cells types [Kemkemer
et al.,, 2006], especially in cultured melanocytes. These
cells react on topographies with a height of 25 nm [Jung-
bauer et al., 2004]. The degree of alignment depends on
this parameter and the lateral spacing of the grooves, as
demonstrated again in cultured control melanoycytes
[Kemkemer et al., 2006]. Our study does not prove that
NF1 alters such a lower topography threshold to which
cells respond, but the overall observation of reduced sen-
sitivity may suggest that.

In our study, fibroblasts from healthy donors were
more sensitive to specific submicron surfaces than cells
taken from different NF1 patients. Thus, we suggest that
NF1*/~ fibroblasts show a partial ‘blindness’ in their
mechanosensoric ability to respond to topographies in
their environment. Since many details about cellular
mechanosensoric responses to geometry and topography
are not understood, we can only speculate about the un-
derlying reasons for this altered behavior of the NF1*/-
cells. It has been proposed that by aligning along grooved
surfaces cells minimize the distortion of their cytoskel-
eton that is induced by the topography [Hoffman-Kim et

Kaufmann/Hoesch/Su/Deeg/Mellert/
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al., 2010]. This hypothesis is supported by the observation
of actin stress fiber alignment along the grooves [Teix-
eira et al., 2003; Gerecht et al., 2007; Kaufmann et al,,
2011]. Moreover, experiments by others demonstrated
that actin filament dynamics is affected by a reduced
neurofibromin dose in human fibrosarcoma cell line via
changes in the Rho-ROCK-LIMK2-Cofilin pathway
[Ozawa et al., 2005]. The increased actin belt formation
in human-derived cultured NF1*~ osteoclasts is also a
consequence of the hyperactivity RhoGTPase pathway
[Stevenson et al., 2011]. These observations suggest that a
NF1 haploinsufficiency might cause an altered organiza-
tion and assembly of cytoskeletal proteins, which may af-
fect cell mechanical properties of the cells. Assuming that
the minimization of mechanically induced stress or de-
formation is the key mechanism for cell alignment along
directed topographical cues, changes in the cytoskeleton
may cause the altered sensitivity of NF1*/~ cells. This idea
is supported by the observation of cytoskeletal abnormal-
ities in several NF1*/~ cells, e.g. in cultured melanocytes
[Kaufmann et al., 1991; Kemkemer et al., 2002; Jungbau-
er et al., 2004] and keratinocytes [Koivunen et al., 2000].
The reduced number of cytokeratin bundles in differen-
tiating cultured NF1*/~ keratinocytes indicates a function
of neurofibromin in the organization of cytoskeleton
during the formation of cellular contacts [Koivunen et al.,
2000]. In Nf1*/~ astrocytes, decreased cell attachment and
increased cell motility were contributed to actin cytoskel-
etal abnormalities [Gutmann et al., 2001].

Other suggested key players in the transduction of sig-
nals from the extracellular matrix to the cell inside are
integrins and focal adhesion, complex protein clusters
linking the intracellular actin cytoskeleton to the cell en-
vironment via adhesion receptors in the membrane of
cells. Therefore, the physical interaction between neuro-
fibromin and FAK observed in mouse fibroblasts [Kweh
etal., 2009] might suggest an involvement of neurofibro-
min in mechanotransduction pathways. Since focal ad-
hesions and associated proteins such as the FAK are sup-
posed to be essential elements in the process of mechano-
transduction, these results may support our hypothesis
that the NFI gene has a functional role in the reception of
mechanical signals.

Itis unclear what significance our findings in cultured
NF1*/~ fibroblasts have for in vivo situations. However,
the ability of cells to sense and respond to topography is
of great importance for maintaining cell and tissue integ-
rity and functionality [Wang and Li, 2010]. Therefore, we
propose that additional cell types should be investigated
in detail and in other mechanotransduction tests to re-

Mechanosensoric in NF1 Cells

veal if blindness in mechanosensoric pathways is a gen-
eral phenomenon of NF1*~ cells. In addition, the effects
of the complete loss of neurofibromin (NF17/-) on mech-
anosensoric and mechanotransdcution should be inves-
tigated in several cell types. Although still speculative, an
altered sensitivity to topography or mechanical signals of
the cell environment in NF1*/~ cells may contribute to the
pathogenesis of phenotypes in NF1. One example may be
a non-tumor-phenotype, the alterations found in the vas-
cular system of Nf1*/~ mice, especially after vascular in-
jury corresponding to findings in NF1 patients [Lasater
et al.,, 2008]. Another speculative example may be the al-
tered behavior of the fibroblasts in the cutaneous neuro-
fibromas [Jouhilahti et al., 2011]. In addition, it will be
interesting to compare the interpersonal variation in
contact guidance of NF1*/~ fibroblasts and clinical NF1
parameters, e.g. the tumor load especially concerning
dermal neurofibromas or the degree of learning disabili-
ties of the patients. NF1 is one of the genetic diseases re-
lated to the Ras pathway called Rasopathies, which share
some symptoms [Zenker, 2011]. In this view, an investiga-
tion on mechanosensoric functions of cells from patients
with other diseases of the Ras pathway will be interesting.
In addition, more precise studies will be necessary to
characterize the specific neurofibromin dependent path-
way involved in the regulation of topographic sensoric
and mechanotransduction.

Conclusions

The use of artificial surfaces with small topographies
as substrates for in vitro culture helped to detect a re-
duced mechanosensoric response of NF1*/~ fibroblasts in
the alignment to such guiding cues. Therefore, we pro-
pose a new functional role of neurofibromin in the pro-
cess of cellular mechanosensoric of topographies and in
mechanotransduction. This function may help to further
reveal non-tumor clinical phenotypes in NF1.
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