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FK506 potentiates NGF-induced neurite outgrowth via the Ras/

Raf/MAP Kkinase pathway

*IRaymond D. Price, 'Takayuki Yamaji & 'Nobuya Matsuoka

"Department of Neuroscience, Medicinal Biology Research Laboratories, Fujisawa Pharmaceutical Co., Ltd., 2-1-6 Kashima,

Yodagawa-ku Osaka 532-8514, Japan

1 Nerve growth factor (NGF) and other members of the neurotrophin family are critical for the
survival and differentiation of neurons within the peripheral and central nervous systems.

2 Neurophilin ligands, including FK506, potentiate NGF-induced neurite outgrowth in several
experimental models, although the mechanism of this potentiation is unclear.

3 Therefore, we tested which signaling pathways were involved in FK506-potentiated neurite
outgrowth in SH-SY5Y neuroblastoma cells using specific pharmacological inhibitors of various
signaling molecules.

4 Inhibitors of Ras (lovastatin), Raf (GW5074), or MAP kinase (PD98059 and U0126) blocked
FK506 activity, as did inhibitors of phospholipase C (U73122) and phosphatidylinositol 3’ kinase
(LY294002).

5 Protein kinase C inhibitors (Go6983 and Ro31-8220) slightly but significantly inhibited neurite
outgrowth, whereas inhibitors of p38 MAPK (SB203580) or c-Jun N-terminal kinase (SP600125) had
no effect.

6 These data suggest that FK506 potentiates neurite outgrowth through the Ras/Raf/MAP kinase
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signaling pathway downstream of phospholipase C and phosphatidylinositol 3’ kinase.
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Introduction Tacrolimus (FK506) is a potent immunosup-
pressive drug used after organ transplantation. FK506 activity
is mediated by binding to members of the immunophilin family
of proteins, designated FK506-binding proteins (FKBPs). In
addition to its function in the immune system, FK506 also has
neuroprotective and neurotrophic effects, including stimula-
tion of axonal regrowth and enhancement of functional
recovery following peripheral nerve and spinal cord injury
(for a review, see Gold, 2000).

Nerve growth factor (NGF) and other members of the
neurotrophin family are critical for the survival and differ-
entiation of neurons within the peripheral and central nervous
systems. Several signal transduction molecules have been
implicated in mediating NGF-induced differentiation and
survival, including the Ras/Raf/MAP kinase pathway, phos-
pholipase C (PLC), protein kinase A (PKA), c-Jun N-terminal
kinase (JNK), and protein kinase C (PKC; for a review see
Huang & Reichardt, 2001). FK506 potentiates NGF-induced
neurite outgrowth in SH-SYSY neuroblastoma cells, providing
a convenient model system for understanding the signaling
interactions of FK506 and NGF. The proposed mechanism of
this potentiation involves the interaction of FKS506 with
FKBP52 and components of the mature steroid receptor
complex (Gold et al., 1999a). Although that study proposed
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that MAP kinase was involved in FK506-mediated neurite
potentiation, the molecules in the NGF signaling pathway that
mediate interaction with this steroid receptor complex are not
entirely clear. To clarify these sites of interaction, we used
specific inhibitors of molecules in the NGF signaling pathway
to further delineate the signal transduction pathways respon-
sible for the neurite potentiation properties of FK506.

Methods Preparation of SH-SY5Y neuroblastoma cell
cultures SH-SYSY human neuroblastoma cells were plated
onto six-well plates at 6 x 10* cells per well and treated with
0.4 uM aphidicolin for 5 days. Cells were then treated with
NGF (10ngml™") alone or with FK506. Pharmacological
inhibitors (Table 1) were added 48 h later. Neurite length was
measured 48h later (i.e., 96h after initial treatment with
NGF). Duplicate wells were run in all experiments, and the
entire experiment was repeated at least three times.

Analysis  of neurite length in SH-SYS5Y neuroblastoma
cells SH-SYSY neuroblastoma cells develop axonal-like
processes upon treatment with NGF. For analysis of process
length, cells (at least 20 per well) were photographed at 96 h.
Neurite length was measured using WinRoof software (Mitani
Corporation, Fukui, Japan) running on an IBM XT computer;
only processes more than twice the cell body length and only
one process per cell were measured. Statistical analysis was
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performed using one-way ANOVA with Tukey’s multiple
comparisons post-test; P<0.05 was considered significant.

Drugs and chemicals FKS506 was synthesized at Fujisawa
Pharmaceutical Co., Ltd. (Osaka, Japan). DMEM was
purchased from GIBCO. NGF was purchased from Promega
(Madison, WI, U.S.A.). H-89 and aphidicolin were purchased
from Sigma (St Louis, MO, U.S.A.). Lovastatin was purchased
from Calbiochem (La Jolla, CA, U.S.A.). U0126, LY294002,
and PD98059 were purchased from Cell Signaling Technology
(Beverly, MA, U.S.A.). All other inhibitors were purchased
from Biomol (Plymouth Meeting, PA, U.S.A.).

Results  FK506 potentiates neurite outgrowth in SH-SYSY
cells  We first wanted to clarify the dose—response relation-
ship of FK506 for potentiating NGF-induced neurite elonga-
tion in SH-SYSY cells (Gold et al., 1997; 1999a). FK506
(0.1-100nM) significantly increased NGF-induced neurite
elongation with a bell-shaped dose—response relationship,
with maximum efficacy at 10 nM (Figure la). FK506 and NGF
cotreatment dramatically shifted the distribution of neurite
lengths to the right compared with NGF alone, indicating
growth of longer neurites (Figure 1b). FK506 had no effect on
neurite outgrowth alone (data not shown). We chose to a
submaximal and maximally effective dose (I and 10nM
FK506) in subsequent inhibitor experiments.

The Raf]/Ras/MAPK pathway is involved in FK506-potentiated
neurite outgrowth We next wanted to determine the role of
MEK/Erk kinases in mediating FK506 activity. We exposed
aphidicolin-predifferentiated SH-SY5Y cells to the MEK 1/2
inhibitors PD98059 and U0126, which specifically block MEK
activation (Alessi et al., 1995; Favata et al., 1998), in the
presence of NGF with or without FK506. Both inhibitors
significantly blocked FK506-potentiated neurite outgrowth (at
10 uM) with minimal effect on neurite length following NGF
treatment alone (Figure 2a, Table 1). However, higher
concentrations of these inhibitors (20 uM) inhibited NGF-
induced neurite outgrowth, confirming the importance of
MEK 1/2 in NGF-induced neuritogenesis (Table 1).

A number of signal transduction pathways converge on
MEK/ERK. Therefore, to determine whether FK506 inter-
acted with the NGF signaling pathway upstream of MEK, we
tested the involvement of the upstream signaling kinases Ras
and Raf by using specific inhibitors for these kinases (GW5074
(1 um) for Raf (Lackey et al., 2000); lovastatin (5ugml™)
which inhibits Ras isoprenylation). Both inhibitors blocked the
neurotrophic activity of FK506 (Figure 2b), without inhibiting
NGF-induced neurite outgrowth (Table 1). Taken together,
these data suggest that the Ras/Raf/MAPK pathway is
necessary for FK506-potentiated neurite outgrowth.

Signaling molecules proximal to trkA are involved in FK506-
potentiated neurite outgrowth In addition to the Ras/Raf/
MAPK pathway, other signaling molecules are also activated
upon addition of NGF, including PLC, PKC, PKA, and INK
(Sofroniew et al., 2001). Using the same pharmacological
inhibitor strategy, we tested whether these molecules were
involved in the mechanism of action of FK506. The PI3K
inhibitor, LY294002, but not the p38 MAP Kinase inhibitor,
SB203580, blocked FK506-potentiated neurite outgrowth
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Figure 1 FKS506 potentiates NGF-induced neurite outgrowth. (a)

FK506 potentiates NGF-induced neurite outgrowth. Neurite length
was measured 96 h after treatment was initiated. Data are mean+
s.e.m. values of at least three independent experiments. **P < 0.01,
***P<0.001 vs NGF by one-way ANOVA with Tukey’s post-test.
(b) Relative frequency histogram comparing the distribution of
individual neurite lengths following NGF treatment alone or with
10nM FK506.

(Figure 2c¢). The PLC inhibitor, U73122, effectively blocked
FK506 activity, whereas the inactive analog, U73343, had no
effect (Figure 2d). Two inhibitors of PKC, Ro 31-8220 and
Go06983, slightly but significantly inhibited FK506 activity,
whereas the JNK inhibitor, SP600125, had no effect
(Figure 2¢). Two inhibitors of PKA, H-89 and Rp-cAMPS
did not affect FK506 activity (Figure 2f).

Discussion Although FK506 possesses neurotrophic activity
in a number of in vitro and in vivo models (Gold, 2000; Guo
et al., 2001b), the mechanism by which FK506 mediates these
effects is not entirely clear. Neither calcineurin inhibition nor
binding to FKBP-12 are necessary for the neurotrophic effects
of neurophilins (Gold et al., 1997; 1999a; Steiner et al., 1997,
Costantini et al., 2001; Guo et al., 2001a; Klettner et al., 2001;
Tanaka e al., 2002). Furthermore, the NGF-potentiating
activity of FK506 can be disrupted by an anti-FKBP52
blocking antibody, as well as disrupters of both the mature
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Figure 2 FKS506 potentiates NGF-induced neurite outgrowth via the Ras/Raf/MAP kinase pathway and involves PLC and PI3K
signaling. (a) Inhibitors of Raf (lovastatin, 5 ugml~") or Ras (GW5074, 1 uMm) block the neurotrophic activity of FK506. (b) The
MEK 1/2 inhibitors, U0126 (10 uM) or PD98059 (PD; 10 uM), block the neurotrophic activity of FK506. (c) The PI3K inhibitor
LY294002 (LY1, 1uM; LYS, 5SuM), but not the p38 MAP kinase inhibitor SB203580 (SB) (10 uM), blocks FK506-potentiated
neurite outgrowth. (d) The PLC inhibitor U73122 (U2; 1 uM), but not the inactive analogue U73343 (U3), blocks FK506-
potentiated neurite outgrowth. (e) Inhibitors of PKC, Go6983 (Go; 1 uM) and Ro31-8220 (Ro; 1 uM), modestly inhibit FK506-
potentiated neurite outgrowth, whereas the JNK inhibitor SP600125 (SP; 1 uM) has no effect. (f) Inhibitors of PKA, H-89 (5 um)
and RpcAMPs (RpC; 10 uM), do not block FK506 activity. Neurite length was measured 96 h after NGF treatment was initiated,
with inhibitors present during the final 48 h. Data are mean+ s.e.m. values of at least three independent experiments. *, **_ ***
P<0.05, 0.01, or 0.001 vs NGF + FK506 by one-way ANOVA with Tukey’s post-test.

Table 1 Effect of pharmacological inhibitors on neurite outgrowth

Inhibitor treatment

Exp 1
None
LY294002

PD98059
uo0126
SB203580

Exp 2
None
Lovastatin
GWS5074
U73343
u73122

Ro 31-8220
Go6983
SP600125
H-89
Rp-cAMPs
PD98059
uo126

Target

PI3K

ERK
ERK
p38
MAPK

Ras
Raf
PLC-
PLC
PKC
PKC
JNK
PKA
PKA
ERK
ERK

Neur
Concentration Inhibitor alone

1152454

1 um 117.745.2

SuM 109.24+3.3

10 um 116.7+4.0

10 um 97.5*+3.0

10 uMm 1242443

105.0+3.3

5ugml! 115.54+2.7

1 um 110.5+3.3

1 um 108.2+2.9

1 um 106.14+2.3

1 uMm 109.4+3.1

1 um 103.8+2.5

1 um 114.543.1

SuM 118.7+3.5

10 um 126.3+4.7
20 uM ND
20 uM ND

“Significantly different than no inhibitor treatment (P <0.05). Significantly different than NGF alone.

°(P<0.05). ND, not determined.

ite length (um)
Inhibitor + NGF

2333459
234.847.5
252.6+8.5
230.7+£7.2
198.2°+10.1
232.247.1

202.1+6.8
171.2+5.3
202.5+8.6
193.0+6.9
180.1+5.7
199.0+6.6
183.1+9.3
200.8+5.8
270.6°+8.6
260.5°+9.7
145.4°+5.4
112.8°+3.8

Data represent length of the longest neurite on SH-SY5Y human neuroblastoma cells treated with or without NGF for 96 h, with inhibitor
treatments during the last 48 h (N =3).
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steroid receptor complex and heat shock proteins, suggesting
that these proteins play a role in the neurotrophic activity of
FKS506 (Gold et al., 1999a; Klettner & Herdegen, 2003).
However, the molecules that serve as convergence points
between the steroid receptor complex/FKBP52 and the NGF
signaling pathway are unknown. Therefore, the main goal of
this study was to elucidate the mechanism by which FK506
potentiates NGF-induced neurite outgrowth in SH-SY5Y cells
by using specific pharmacological inhibitors of signaling
molecules downstream of NGF stimulation. Our results
demonstrate that FK506 enhances NGF-induced neurite
elongation in a bell-shaped manner, consistent with previous
reports (Gold et al., 1999a). Importantly, FK506 alone does
not change neurite length, suggesting that it functions through
enhancing NGF signaling. Furthermore, at the concentrations
tested with FK506, these inhibitors did not inhibit neurite
outgrowth after NGF treatment (Table 1), demonstrating the
specificity of these signaling molecules in mediating the activity
of FKS506. The critical role of these signaling molecules
precludes complete inhibition under chronic conditions. Thus,
while some inhibitor concentrations used are lower than those
necessary for acute biochemical effects, these concentrations
reflect the highest noncytotoxic dose in our chronic treatment
conditions (data not shown). Furthermore, the fact that most
inhibitors had functional consequences suggests that, even
though inhibition might not have been complete, their target
molecules play a role in FK506 activity.

NGF binds to the high-affinity protein tyrosine kinase
receptor, TrkA, initiating several signaling pathways affecting
both morphological and transcriptional targets (Huang &
Reichardt, 2001). Here we show for the first time that the Ras/
Raf/MEK/Erk pathway is critical for FK506-mediated poten-
tiation of NGF activity. The role of PLC-y signaling in
mediating the long-term activity of NGF is largely unknown,
although it plays a role in NGF-induced gene expression (Choi
et al., 2001). Our finding that the PLC inhibitor U73122, but
not its inactive analog U73343, inhibited FK506-potentiated
neurite outgrowth suggests a role for PLC in differentiation
downstream of FKS506 activity. NGF/TrkA stimulation of
PI3K is involved in neurite outgrowth and differentiative
signaling, and may either complement or parallel the Ras—
Raf-MEK-Erk 1/2 cascade. For example, NGF-induced JNK
activation is impaired by two PI3 K inhibitors, wortmannin
and LY294002, and overexpression of PI3K results in both
neurite outgrowth and JNK activation in the absence of Erk
activation (Kobayashi er al., 1997). Our results demonstrate
that the PI3K inhibitor LY294002 dose-dependently inhibited
FK506-potentiated neurite outgrowth, suggesting that this
protein is also important in the mechanism of FKS506-
potentiated neurite outgrowth. The apparently weak inhibitory
effect that the PKC inhibitors Go6983 and Ro31-8220 had on
FK506 activity is in line with recent evidence that nuclear
accumulation of active ERK requires functional PKC and is
prevented by addition of the PKC inhibitor GF109203X
(Olsson et al., 2000).

Inhibitors of JNK and p38 MAP kinases did not affect
FK506 activity, consistent with findings that these kinases are
stimulated by proinflammatory cytokines and cellular stress
such as UV light and osmotic shock, but are not stimulated by
neurotrophins (Mielke & Herdegen, 2000). Similar concentra-
tions of these inhibitors have physiological effects (e.g., 3 uM
SP600125 affects cytokine production (Utsugi ef al., 2003), and

10 uM SB203580 protects against dopamine-induced cell death
(Junn & Mouradian, 2001)), suggesting that appropriate doses
were chosen. Using two inhibitors of PKA activity with
distinct mechanisms (Rp-cAMPS is a competitive inhibitor of
cAMP binding, whereas H-89 is a competitive inhibitor of
ATP binding), we show here that PKA activity is not required
for FK506-potentiated neurite outgrowth. Interestingly, addi-
tion of these inhibitors significantly increased neurite length in
the presence of NGF (Table 1). Recent studies suggest that
cAMP and PKA participate in the regulation of growth factor
signaling through a number of different mechanisms (Barbier
et al., 1999; Pursiheimo et al., 2002). While we speculate that
inhibition of PKA ameliorates PKA-mediated inhibition of
Ras/Raf/ERK signaling, resulting in enhanced neurite out-
growth, clearly further studies are needed to clarify this
interaction.

In summary, while these data should be interpreted
cautiously because of the indirect nature of inhibitor studies,
these data suggest that FK506 enhances neurite outgrowth
through the Ras/Raf/MAP kinase signaling pathway down-
stream of PLC and PI3K (our working hypothesis is presented
in Figure 3). Furthermore, these results demonstrate that
FK506 enhances NGF signaling via a common growth factor
signaling pathway, but has no neurotrophic properties alone,
suggesting that nonspecific stimulation of neurotrophin sub-
strates would be reduced in vivo. Recent reports that injured
neurons remain responsive to FK506 even after delayed
administration (Gold et al., 1999b; Sulaiman er al., 2002), at
times when endogenous neurotrophins are elevated (e.g.,
following spinal cord injury; Murakami et al., 2002), support
the hypothesis that FK506 enhances signaling of endogenously
produced neurotrophins in vivo, rather than simply acting as a
neuroprotective agent. Thus, these studies provide insight into
the potential molecular mechanisms by which FK506 pro-
motes nerve regeneration in vivo.

]
T S
Il

T

JCCLIR
p38 MAPK»

MITTT N

LI

*SAPK/JNK &
S 5

AETTTYI N

Neurite
outgrowth
o Implicated in FK506 activity

.

..-_:2 Not Implicated in FK506 activity

Figure 3 Proposed mechanism for FK506-potentiated neurite out-
growth. TrkA activation by NGF leads to activation of multiple
signaling pathways, including Ras/Raf/MAPK. FKS506 interacts
with constituents of the mature steroid receptor complex (HSP90 via
FKBP52; Gold et al., 1999a), which putatively enhances the Ras/
Raf/MAPK signaling pathway. Line patterns indicate results from
our experiments. Hashed arrows are putative links; thin arrows
indicate pathways established by other studies (Huang & Reichardt,
2001).
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