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Abstract

FKBP51 and FKBP52 (FK506-binding protein 51 and 52) are
tetratricopeptide repeat-domain immunophilins belonging to
the tetratricopeptide-proteinehsp90ehsp70ep23 heterocom-
plex bound to steroid receptors. Immunophilins are related to
receptor folding, subcellular localization, and hormone-
dependent transcription. Also, they bind the immunosuppres-
sant macrolide FK506, which shows neuroregenerative and
neuroprotective actions by a still unknown mechanism. In this
study, we demonstrate that in both, undifferentiated neuro-
blastoma cells and embryonic hippocampal neurons, the
FKBP52ehsp90ep23 heterocomplex concentrates in a perinu-
clear structure. Upon cell stimulation with FK506, this structure
disassembles and this perinuclear area becomes transcrip-
tionally active. The acquisition of a neuronal phenotype is
accompanied by increased expression of BllI-tubulin, Map-2,

Immunophilins (IMMs) are a family of proteins that bind
immunosuppressive drugs and possess cis/trans-peptidyl-
prolyl-isomerase activity. They are classified as FKBPs
(FK506-binding protein) when they bind FK506, and cyclo-
philins when they bind cyclosporine A (CsA) (Pratt et al.
2004a). FKBP51 and FKBP52 (gene names FKBP5 and
FKBP4, respectively) are highly homologous tetratricopep-
tide-domain immunophilins whose sequences share 60%
identity and 75% similarity. The best characterized interac-
tions of FKBP52 and FKBP51 are with hsp90 and steroid
receptor complexes. It has been shown that FKBP52 is
required for dynein/dynactin-dependent retrograde movement
of glucocorticoid receptor (GR) (Galigniana et al. 2004b),
mineralocorticoid receptor (Piwien Pilipuk ez al. 2007), p53
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Tau-1, but also hsp90, hsp70, p23, and FKBP52. During the
early differentiation steps, the perinuclear heterocomplex
redistributes along the cytoplasm and nascent neurites, p23
binds to intermediate filaments and microtubules acquired
higher filamentary organization. While FKBP52 moves towards
neurites and concentrates in arborization bodies and terminal
axons, FKBP51, whose expression remains constant, replaces
FKBP52 in the perinuclear structure. Importantly, neurite out-
growth is favored by FKBP52 over-expression or FKBP51
knock-down, and is impaired by FKBP52 knock-down or
FKBP51 over-expression, indicating that the balance between
these FK506-binding proteins plays a key role during the early
mechanism of neuronal differentiation.
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(Galigniana et al. 2004a), receptor-associated coactivator 3
(RAC3) and apoptosis-inducing factor (AIF) (Colo ef al.
2008), and adeno-associated virus 2 (Zhao et al. 2006).
Moreover, FKBP52 was found associated to androgen recep-
tor (Cheung-Flynn et al. 2005), progesterone receptor (Kosa-
no et al. 1998), estrogen receptor (Ratajczak and Carrello
1996), epithelial calcium channels (Gkika et al. 2006), and
transient receptor potential (TRPC) channels (Sinkins et al.
2004). On the other hand, FKBP51 does not bind dynein
(Wochnik et al. 2005) and shows inhibitory action of steroid
receptor function, an effect that is abrogated by mutations of
the tetratricopeptide domain. This suggests that the association
with hsp90 is relevant for that biological property.

Immunophilins are also present in the brain at higher
concentrations than in immune cells (Snyder ef al. 1998).
The Bruce Gold laboratory found that the IMM-binding drug
FK506 (Tacrolimus) shows neurotrophic effect (Gold et al.
1999) and it was initially thought that this effect involved
calcineurin inhibition. However, the persistence of the
capability to hasten nerve outgrowth by FK506-derivatives
devoid of immunosuppressive effects indicated that both
effects are independent (Gold and Villafranca 2003). Exper-
iments with mice where the FKBP1A4 gene was knocked-out
clearly showed that such neurotrophic effect is not mediated
by FKBP12, whereas the use of a monoclonal antibody
against FKBP52 completely blocked the effect of FK506
(Gold et al. 1999). Even though this evidence suggests that
FKBP52 could play a cardinal role in neuritogenesis, the
molecular mechanism involving IMMs in neuronal differen-
tiation and neurite outgrowth still remains totally unknown
and there are no systematic studies to elucidate the cellular
events related to this conundrum. In this study, we analyzed
the subcellular redistribution of the FKBPS52ehsp90ep23
heterocomplex in undifferentiated N2a neuroblastoma cells
and rat embryonic hippocampal neurons stimulated with
FK506, and reveal for the first time some of the subcellular
events involving these chaperones during the differentiation
process of neurons.

Experimental procedures

Materials

FK506 and CsA were from LC laboratories (Wobrun, MA, USA).
Radicicol, dibutyryl-cAMP, IBMX (3-isobutyl-1-methylxanthine),
cycloheximide (CHX), o-amanitin, actimomycin D, H89 (N-[2-(p-
Bromo-cinnamylamino)-ethyl]-5-isoquinoline-sulfonamide.2HCI),
dexamethasone, monoclonal IgM anti-vimentin (ascites), and
mouse monoclonal IgG anti-B-tubulin were from Sigma Chemical
Co. (St. Louis, MO, USA). BuGR2 mouse monoclonal IgG
against GR, JJ3 mouse monoclonal 1gG against p23, and rabbit
polyclonal IgG against FKBP51 were from Affinity BioReagents
(Golden, CO, USA). AC88 mouse monoclonal IgG against hsp90
and the N27F3-4 anti-72-73-kDa heat-shock protein monoclonal
IgG (anti-hsp70) were from StressGen (Ann Arbor, MI, USA).
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The purified UP30 rabbit antiserum against FKBP52 was provided
by Dr. William Pratt (University of Michigan). The A3S rabbit
monoclonal IgG against histone H3 and the rabbit polyclonal IgG
against phospho-cAMP-response element binding protein (CREB)
were from Upstate (Temecula, CA, USA). Rabbit polyclonal IgG
against total CREB and goat anti-lamin B antibody were from
Santa Cruz Biotech (Santa Cruz, CA, USA). The HM-2 mouse
monoclonal IgG against Map-2 and the horseradish peroxidase-
conjugated goat anti-mouse were from Sigma Chemical Co. The
TUJ1 mouse monoclonal IgG against neuronal class III B-tubulin
was from Covance (Emeryville, CA, USA). Mouse monoclonal
IgG against Tau-1 was from Chemicon (Temecula, CA, USA).
Rabbit polyclonal antibodies against extracellular signal-regulated
kinases 1 and 2 (ERK1/2) and phospho-ERK1/2, and the mitogen-
activated protein kinase/ERK kinase (MEK) inhibitor UO126 were
from Promega (Madison, WI, USA). Secondary antibodies labeled
with Alexa-Fluor Dyes (488, 546 and 647) and TO-PRO-3 iodine
were from Molecular Probes (Eugene, OR, USA). Horseradish
peroxidase-conjugated goat anti-rabbit was from Pierce (Rockford,
IL, USA). The siRNAs for FKBP51 and FKBP52 and control
siRNA were purchased to Thermo Scientific Dharmacon (Chicago,
IL, USA). 5-Bromo-UTP was from Jena Biosciences (Jena,
Germany), and rat monoclonal antibody against Br-uridine and
mouse IgG anti-neurofilament were from Abcam (Cambridge,
UK). All culture media were from Invitrogen-Life Technologies
(Carlsbad, CA, USA).

Cell cultures

N2a murine neuroblastoma cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM)/Opti-MEM (1 : 1) supple-
mented with 2 mM 1-Gln, 5% fetal bovine serum and antibiotics.
N2a cell differentiation was initiated by serum withdraw and the
addition of the indicated drug. 3T3-L1 pre-adipocytes were grown
and differentiated to adipocytes by a standard procedure (Bennett
et al. 2002). Hippocampal neurons were isolated from embryonic
day 17 rat embryos (E17 cells) by a modification of a method
described in the literature (Wang et al. 2002) (see legend of
Figure S1 for details) and animal handling followed the procedures
and ethic guides ruled by the University of Buenos Aires. Cell
differentiation was stimulated the day after by adding the indicated
compound to the medium. Neurite length was measured using the
Image Pro Plus 5.1.0.20 program (Media Cybernetics Inc., Bethesda,
MD, USA) in those plate fields that showed low cell density.

Transfections

Over-expression of FKBPs was achieved by transfection of 1 ng
DNA/well of 35 mm of either pCI-Neo-flag-hFKBP51, pCI-Neo-
hFKBP52 or empty vector, following the calcium phosphate
precipitation standard method (Gallo et al. 2007). Interference of
FKBPs expression was achieved by transfection of the specific
siRNA for each IMM (or an irrelevant siRNA) with the silmporter
transfection reagent for RNA (Upstate) according to the manufac-
turer’s instructions.

Indirect immunofluorescence assays

Cells grown on poly-lysine-coated coverslips were fixed and
permeabilized as described (Galigniana et al. 1998). Fluorescence
microscopy was performed in a Karl Zeiss LSM10 Meta confocal
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microscope. Image analyses for co-immunolocalizations were BrUTP-labeling of pre-mRNA

carried out using the 3D-surface plot plug-in of the Image-J N2a cells were induced to differentiate for 6 h with 1 M FK506.
program (v.1.42) from the NIH. 3D-Images were obtained from Then, the coverslips were rinsed and incubated with 10 mM BrUTP
z-stack scanning of cells at a slice distance of 0.25 pm using in KH buffer (30 mM KCI, 10 mM Hepes at pH 7.4) for 7.5 min at
the Imaris 6.3.1 program (Bitplane Sci Software, Zurich, 37°C under a 5%C0,/95% air atmosphere. Cells were washed, re-
Switzerland). incubated in DMEM/10% fetal serum for 30 min, washed with

Fig. 1 Stimulation for neurite outgrowth. (a)

(b) 150 (© 120 Undifferentiated neuroblastoma N2a cells
% -..; were incubated in DMEM medium supple-
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phosphate-buffered saline buffer, and fixed and permeabilized in
cold (—20°C) methanol. Early mRNAs were visualized by indirect
immunofluorescence with 1/100 dilution of rat monoclonal IgG
antibody against Br-uridine. The specificity of pre-mRNA signal
was tested by using a non-immune IgG antibody and after the
inhibition of transcription with 100 pg/mL o-amanitin and 0.2 pg/
mL actinomycin D as it is described in the literature (Jackson et al.
1993).

Data analysis
Results are shown as the mean + SEM and were compared by
unpaired Student’s #-test.

Results

Induction of cell differentiation

Neuronal differentiation was induced in mouse N2a neuro-
blastoma cells by serum withdrawal and addition of the
compounds indicated in Fig. 1(a) a procedure that restricted
cell division and produced profound morphological transfor-
mations characterized by the outgrowth of neurites an
axonal-like extensions. Figure 1(a) shows the typical round
shape of undifferentiated N2a cells was not affected by the
vehicle (0.1% dimethylsulfoxide). One uM FK506 (a macro-
lide ligand able to bind to the FKBP subgroup of IMMs),
125 uM dibutyryl-cAMP (a classic neuronal differentiating
agent), 0.2 uM radicicol (RAD) (a resorcylic acid lactone
able to disrupt hsp90 function), and 10 nM CsA (a cyclic
non-ribosomal peptide that binds to the cyclophilin subgroup
of IMMs), were able to generate phenotypic changes as early
as 1.5-2.0 h after adding the agent to the medium, FK506
and dibutyryl-cAMP being the inducers that generate the
most dramatic changes in the cell shape in a medium without
serum. Figure 1(b) depicts the average neurite length of the
cells as a function of the incubation time with the drug.
Importantly, neither FK506 nor dibutyryl-cAMP showed
toxic effects for the cells after 48 h of incubation, not even at
the highest concentrations morphologic anomalies or neurite
alterations were observed.

Visual inspection of the cultures after 2 h already showed
that the cells exhibited longer neurites with FK506 or the
cyclic nucleotide than cells incubated in the presence of the
hsp90-inhibitor RAD or with CsA. The latter two compounds
did show cytotoxic effects, so cells lost the incipient neuron-
like morphology observed during the first hours acquiring a
rounded shape and then, cells were detached from the plate.
Those cells that remained attached exhibited shorter or null
neurite length (Figs la,b and S1). Similar effects were also
observed after 24 h with four- to fivefold lower concentra-
tions of these compounds (Figure S1).

In all the cases, the frequent replacement of the medium
supplemented with drug showed no significant changes in the
response of the cells, whereas the addition of 48—72 h aged
conditioned medium containing FK506 to undifferentiated
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cells triggered cell differentiation as efficiently as medium
containing fresh drug (Figure S1). This differentiating effect
persisted as long as additional 48 h after the aged medium
was used. All these controls indicate that during the assayed
incubation times there is no significant degradation of FK506
or generation of toxic metabolites.

Figure 1(c) shows comparative drug concentration-neu-
rite length response curves for the two most active agents,
FK506 and dibutyryl-cAMP, after 3 h (triangles), 24 h
(squares) and 48 h (circles) of incubation. FK506 shows the
most efficient effect on neurite length. Because incubations
with cAMP should favor CREB phosphorylation, the
relative effect of FK506 was compared with that of the
cyclic nucleotide by western blotting of cell lysates with
anti-CREB and anti-phospho-CREB antibodies (Fig. 1d).
While the overall expression of CREB is not affected by the
drugs, there are kinetic and quantitative differences between
cAMP and FK506. Cells induced to differentiate with
cAMP increased the phosphorylation of CREB. On the
other hand, phosphorylation of CREB was negligible after
3 h with FK506, but it was intense in cells stimulated for
24 h with FK506. Such difference suggests that the
molecular mechanisms of action of the IMM ligand and
the classical neurotrophic compound are not equivalent, in
particular if it is considered that CREB phosphorylation
takes place after 3 h of stimulation with cAMP, but it
remains unchanged with FK506.

Figure 1(e) shows western blots of N2a cell lysates for
typical markers of neuron differentiation. After stimulation
with dibutyryl-cAMP or FK506, these markers were
induced accompanying the morphological changes of the
cells. There was a strong induction of PIlI-tubulin, a
neuronal microtubule isoform that is considered to be one of
the earliest markers to signal neuronal commitment. Also,
there was a strong induction of Tau-1, a typical axonal
marker, as well as all three isoforms of the primarily
dendritic microtubule-associated protein 2 (Map 2a, 2b and
2c¢), being of particular relevance the 70-kDa isoforms Map-
2c because it is present in the early steps of cell brain
morphogenesis (Tucker 1990).

Tetratricopeptide-domain immunophilins bind FK506 and
form heterocomplexes with other chaperones that are
required for remodeling the architecture of cytoskeletal
structures (Czar et al. 1996; Galigniana et al. 2002; Chamb-
raud et al. 2007; Inberg et al. 2007), a process that should be
a necessary step to underlie the neurite extension rate. When
N2a cells were induced to differentiate for 48 h, hsp90,
hsp70, FKBP52 and p23 were greatly induced (Fig. 1e). On
the other hand, FKBP51 remained unchanged. Consistent
with the results described in the other panels, FK506 showed
to be more efficient to induce these chaperones, in particular
the triad of the 90-kDa heat-shock protein and the hsp90-
binding partners FKBP52 and p23.
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FK506 effect differs from the cAMP action and
hsp90-related pathways

To study whether or not there are additive, synergistic or
antagonistic effects between some of the drugs assayed in
Fig. 1, undifferentiated N2a cells were stimulated with
FK506 in the presence of IBMX or RAD. Figure 2(a)
shows the mean neurite length for control experiments
where the response of the cells to each treatment was
analyzed during the first 24 h of stimulation. The mean
neurite lengths obtained with each drug reproduced those
measured in Fig. 1. Because most of the neurotrophins
exert their effects via the cAMP pathway, phosphodiesterase
inhibitors are broadly used as neurotrophic and neuropro-
tective agents (Castren 2004). IBMX was assayed to induce
higher levels of endogenous cAMP, such that 500 uM of
phosphodiesterase inhibitor generated equivalent neurite
length after 48 h as that obtained with exogenous cAMP
after 24 h. However, IBMX inhibited FK506 effect on
neurite outgrowth by about one-third of the maximum
effect observed with FK506 alone. Similarly, the inhibition
of hsp90 by RAD showed 50% of the maximum effect of
the IMM drug. This observation indicates that the FK506
effect needs active hsp90-dependent pathways. It should be
pointed out that similar qualitative results were obtained
after 24 h of incubation, although the absolute values were
obviously smaller (Figure S2).

Another important phenotypic change observed in the cells
was the number of ramifications per cell (Fig. 2b), which was
significantly higher with radicicol alone (3 vs. 2 neurites/cell)
compared to FK506 or IBMX alone. Even though FK506
and IBMX together showed a lesser efficient neurite
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Fig. 2 Effect of combined treatments on
neurite outgrowth. (a) Neurite length was
measured for treatments with individual or
combined drugs at the concentrations used
in Fig. 1(c). (b) Number of ramifications per
cell. (c) Effect of glucocorticoids on cell
differentiation. N2a cells were pre-incu-
bated for 24 h in DMEM/5% charcoal-strip-
ped serum and then, induced to
differentiate for 24 h with 1 uM FK506 with
1 uM dexamethasone (+Dex) or 0.1%
vehicle (-Dex). Bar=25uM. (d) Cell
lysates of dexamethasone-treated cells
were western blotted for BllI-tubulin and
Map-2a, Map-2b, and Map-2c.

I
+

outgrowth than cells incubated with FK506 alone, both
drugs added their individual effects when the number of
ramifications was counted (4 neurites/cell). On the other
hand, FK506 showed antagonistic action on the effect of the
hsp90 inhibitor, suggesting that the inhibition of IMM
activity abrogates the hsp90-dependent effect on branching.
In short, hsp90 is an important requirement (although not
exclusive) for neuronal arborization, whereas IMMs are
factors more related to the neurite length.

The effects of both glucocorticoids and hsp90 inhibitors on
neurite outgrowth led to speculate that steroid receptors may
be involved in the mechanism of action of the neuritogenesis
phenomenon (Gold 2000; Gold and Villafranca 2003). The
expression of the GR during the development of the nervous
system (and also in cell cultures) seems to be sensitive to
several regulations, and conflicting results have been
reported on the effects of glucocorticoids on neurons (Wang
et al. 2002; Xiao et al. 2005). It has recently been reported
that at different developmental stages, hippocampal neurons
show different susceptibilities to glucocorticoids influenced
by environmental changes and there might be a critical time-
window for the switching of such characteristics during
development (Xiao and Chen 2008). Because our cells are
originally grown in a medium containing serum, they are
consequently exposed to glucocorticoids. Therefore, we
analyzed the potential influence of glucocorticoids on the
FK506-dependent neurite outgrowth. Cells were grown in a
steroid-free medium for 24 h to deplete traces of steroid.
Next, the cells were pre-incubated for 30 min with 1 pM
dexamethasone to allow binding of the agonist to GR and
then, 1 uM FK506 was added to the medium to trigger cell
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differentiation. Figure 2(c) shows that after 24 h, N2a
cells adopted identical neuron-like phenotype as control
cells maintained in steroid-free medium. Accordingly,
Fig. 2(d) shows identical expression of the neuronal markers
BII-tubulin y Map-2. In other words the mechanism of
action of the IMM ligand is not directly related to GR.

Subcellular distribution of the FKBP52ehsp90ep23
complex

Our results demonstrate for the first time that the expression
of FKBP52, hsp90 and p23 is increased during neuronal
differentiation (Fig. le), suggesting a potential role for these
chaperones during the process. Therefore, their subcellular
distribution was analyzed by confocal microscopy. Surpris-
ingly, images of undifferentiated cells showed that all three
proteins are concentrated in a perinuclear ring (Fig. 3a).
After 3 h of treatment with FK506, the chaperone complex
was dispersed in cell cytoplasm and no visible arrangement
was detected. Shorter incubations with FK506 (1 h) demon-
strate that the disassembly of the annular structure is an early
event and is also sequential because p23 could still be seen as
a perinuclear ring when FKBP52 and hsp90 were already
dispersed into the cytoplasm. More than 95% of undifferen-
tiated cells show the chaperones co-localizing in a perinu-
clear structure, whereas only 20% of the cells show a full
perinuclear ring after 3 h with FK506, indicating that
chaperones migrate rapidly and spread out in the cytoplasm
and neurites. This is evident in Fig. 3(a) for hsp90 and
FKBP52 in cells incubated for 1 h with FK506.

Note that cells showing incipient axon-like structures
exhibit higher concentration of FKBP52 in the growth cones
and on the extremes of the neurites, a feature that was
exacerbated after 24 h when the cell body has already
acquired a typical neuronal phenotype. While FKBP52,
hsp90 and p23 co-localized in perinuclear structures in
undifferentiated cells, they rather show a dissociated local-
ization in the arborization bodies and terminal ends of the
neurites. In a high number of cells, FKBP52 concentrates in
the central part of the structure being surrounded by hsp90
and p23. Figure 3(b) shows a magnification of a ramification
body. Because these bodies are found in areas of neurite
arborization and at the leading growing extremes of neurites,
we hypothesize that these chaperones may be involved in the
reorganization of the cytoskeleton, which is expected to be
highly dynamic in these structures.

Figure 3(c) shows that the peculiar organization of nuclear
FKBP52, hsp90 and p23 observed in N2a cells is not
exclusive of this neuronal cell line because all three proteins
also redistribute from the perinuclear ring to the cell body
and the neurites upon treatment with FK506 in hippocampal
neurons isolated from 17 days rat embryos. In similar fashion
as in N2a cells, there is a high percentage of cells where
FKBP52 concentrates in growth cones of outgrowing
neurites and at the nascent neurites (Fig. 3d).
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(a) FKBP52 p23 hsp90 Merge (100 x) Merge (40 x)
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Fig. 3 Subcellular localization of FKBP52, hsp90 and p23 in N2a
cells. (a) Images by confocal microscopy of undifferentiated cells prior
(0 h) or after (3 h and 24 h) of treatment with FK506. Image on the
right hand shows a wider field. (b) The upper panel shows the distri-
bution of proteins in an axon-like structure; the lower panel shows a
magnification of a ramification body. Note the central distribution of
FKBP52 with respect to hsp90 and p23. (c) Subcellular localization of
FKBP52, hsp90 and p23 in embryonic hippocampal cells (day 17)
treated for 24 h with 1 uM FK506 or vehicle. Image on the right hand
shows a wider field. (d) Subcellular distribution of proteins in axons.
Note the central distribution of FKBP52 with respect to hsp90 and p23.
(e) Undifferentiated L1 pre-adipocytes do not show annular structures.
Bars on the upper left corner of panels (a), (c) and (e) (100x magni-
fication) = 10 um. Bars on the upper right corner of panels (a) and (c)
(40x magnification) = 25 um. Bars on panels (b) and (d) = 2.5 pm.
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To analyze whether the chaperone complex concentrates
in perinuclear rings in any undifferentiated cell, 3T3-L1
pre-adipocytes were also analyzed in conditions where
adipocyte differentiation is not triggered. Figure 3(e) shows
that p23, FKBP52 and hsp90 have a predominantly diffuse
subcellular distribution pattern. Note that hsp90 shows a
slight perinuclear rim, although it is less intense than that
exhibited in the rings of neuronal cells. This is an expected
distribution for hsp90, which is associated to nucleoporins
(Echeverria et al. 2009; Galigniana et al. 2010) and micro-
tubules that curl up around the nucleus in epithelial cells
(Czar et al. 1996). No differences in the subcellular
distribution pattern of all three proteins was observed when
3T3-L1 cells are induced to differentiate with a standard
differentiation cocktail composed by IBMX, dexamethasone
and insulin (Figure S3).

We have performed immunoprecipitation assays and have
found that, as it is expected for this hsp90-based complex
(Murphy et al. 2003), all three proteins co-immunoprecipi-
tate. However, this type of assay cannot distinguish between
the highly abundant FKBP52ehsp90ep23 complexes nor-
mally present in cytosol from those heterocomplexes located
in annular structures. Nonetheless, there is no reason to think
that complexes cannot be formed and we assume that all
three proteins in the perinuclear ring may assemble in the
same type of heterocomplex found in soluble cytosol, as it
has been profusely demonstrated for many other systems
(Freeman et al. 2000; Galigniana et al. 2001; Sullivan et al.
2002; Pratt et al. 2004b; Colo et al. 2008). To provide
evidence that these chaperones may form a complex in the
nuclear ring, an indirect immunofluorescent was performed
for hsp90 using the mouse IgG clone ACS88, which
recognizes free and denatured chaperone, but it is unable to
react with hsp90 when the chaperone is complexed (Galig-
niana 1998). Figure 4(a) shows that FKBP52 forms a ring in

(a) (b)
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Fig. 4 The annular ring of chaperones is a pre-assembled structure.
(a) Undifferentiated N2a cells were stained with the Ac88 clone anti-
hsp90 (red), which does not recognize the chaperone unless it is free
or denatured. FKBP52 was used as marker of the perinuclear ring
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undifferentiated cells, but hsp90 cannot be detected as it is
with the IgM clone 8D3 used in Figs 3 and 4(b). Therefore,
the hsp90 belonging to the perinuclear ring is part of a
complex. Unfortunately, p23 cannot be seen along with
FKBP52 because the antibody is also a mouse IgG and the
rabbit IgG variant against p23 is not useful for indirect
immunofluorescence assays.

A recent study demonstrated that growth cone responses
require synthesis of proteins. However, axonal elongation
continues when protein synthesis inhibitors are added before
cue agents are added to the medium (Roche et al. 2009). To
study whether or not protein synthesis is strictly required for
the mechanism of ring disassembly and neuron differentia-
tion, N2a cells were pre-incubated for 30 min with 20 nM
CHX. Then, the medium was replaced by DMEM supple-
mented with FK506 and CHX. After 3 h, cells were fixed
and stained for p23, hsp90 and FKBP52. Figure 4(b) shows
that the perinuclear ring was unaffected by the pre-incubation
with CHX (compare —CHX vs. +CHX). After 3 h with
FK506 (and the continuous presence of CHX), the cell shape
changed similarly to untreated cells, and hsp90 and FKBP52
abandoned the perinuclear structure as it was observed in
Fig. 3. However, p23 remained in the nucleus of all cells.
This indicates that the population of hsp90 and FKBP52 that
normally expands into the cytoplasm when cell differentia-
tion is triggered represents a pre-existing pool of chaperones
rather than protein synthesized de novo, which is also
confirmed by the western blot for chaperones shown in
Fig. 4(c). On the other hand, these results suggest that p23
re-localization may depend on the synthesis de novo of some
additional factor required for delocalizing the co-chaperone
from the ring. This could explain why p23 abandons the
perinuclear structure at latter times than hsp90 and FKBP52
and also emphasizes the importance of these chaperones in
the early steps of neuronal differentiation. We will address
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(green). (b) Indirect immunofluorescence for N2a cells pre-incubated
for 30 min with cycloheximide (+CHX) followed by stimulation with
FK506 for 3 h (+CHX + FK506) without changing the medium.
(—CHX): Control of untreated cells. Bars = 10 um.
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Fig. 5 Confocal microscopy images show
that the annular distribution of the
FKBP52ehsp90ep23 complex is intranucle-
ar. (a) The borders of nuclei (pointed by
yellow arrow-heads) are shown compared
with the annular structure. (b) Indirect
immunofluorescence for B-type lamin (red),
FKBP52 (green) and p23 (blue). (c) Com-
puter generated 3-D image of a cell
immunostained for p23 (green) whose
nucleus was stained with TO-PRO-3 iodine
(insert). The black arrow shows a portion
of chromatin surrounding the annular
structure. White bars = 10 um.

the importance of FKBP52 for ring assembly in experiments
shown later on.

The FKBP52ehsp90ep23 complex is intranuclear
Next, we asked whether the ring of chaperones on the nuclear
periphery is inside the nucleus or it is associated to
cytoskeletal filaments coiled-up around the nuclear envelope.
Figure 5(a) shows that the ring of chaperones is inside the
nucleus located immediately under the nuclear envelope (see
the borders of the envelope pointed by yellow arrowheads).
This is confirmed in Fig. 5(b), where it is shown the co-
localization of chaperones with B-type lamin. Moreover, the
upper right corner of Fig. 5(c) shows an indirect immuno-
fluorescence for p23 (green) in cells whose nuclei were
stained with the DNA probe TO-PRO-3 iodine (red). The
resultant yellow ring agrees with the intranuclear localization
of the protein. The computer generated 3D-image obtained
from a z-stack scanning of the cell confirms that the yellow
ring is inside the nucleus (note the black arrow pointing the
red area of chromatin that surrounds the annular structure).
The co-localization of chaperones with B-type lamin
observed in Fig. 5(b) for N2a cells was also seen in primary
embryonic hippocampal neurons (Fig. 5d), indicating that
the annular structure is not a peculiarity of the cell line.

Activation of MAPK (ERK) pathway

Nerve growth factor and other members of the neurotrophin
family are important factors for neuron survival and differ-
entiation (Santos et al. 2007; Willard et al. 2007). It is
accepted that these trophic factors function via activation of

© 2010 The Authors

FKBP balance modulates neurite outgrowth | 723

) LAMIN B

the MAPK cascade, and it has been reported that FK506
potentiates nerve growth factor-induced neurite outgrowth
via this pathway (Price e al. 2005). Nevertheless, the ability
of this network to coordinate the differentiation process in
neurons is still unknown. Because in our studies cells are
induced to differentiate in a medium lacking serum, cells are
not exposed to any trophic factor except FK506. Therefore,
we analyzed whether the ERK cascade pathway is activated
by FK506 alone and, more importantly, whether this eventual
activation is related to the particular perinuclear distribution
of chaperones described in this study.

Figure 6(a) shows that FK506 induced the expected
phenotypic modifications observed in Fig. 3, including the
late trafficking of p23 towards the cell body and neurites.
Importantly, the subcellular redistribution of chaperones was

evident 30 min after the differentiation process was induced
by FK506. Figure 6(b) demonstrates that ERK is transiently
phosphorylated during the early steps of FK506-dependent
differentiation. The inhibition of ERK phosphorylation by
the MEK inhibitor UO126 (whose efficiency is shown in the
western blot of Fig. 6b) abrogates both cell differentiation
and the disassembly of the perinuclear ring (Fig. 6a). This
indicates that one process is directly related to the other and
not the mere consequence of the effect of the drug on, for
example, inhibition of the peptidyl-prolyl isomerase (PPlase)
activity of IMMs. It is important to emphasize that these cells
were incubated in a serum-free medium prior the treatment,
and then FK506 was added to the medium. This strengthens
the observation that FK506 shows differentiating effects per
se and it is not enhancing residual effects already triggered
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during the growing period in the presence of putative trophic
factors present in the serum. In addition, the results show that
FK506 promotes both the activation of ERK cascade and
chaperone migration from the nuclear periphery.

Because cAMP also elicits neurite outgrowth (Fig. 1) and
has been linked to ERK1/2 activation via protein kinase A
(PKA) in neuronal differentiation pathways (Yao et al. 1998;
Hansen et al. 2003; Hu et al. 2003; Consales et al. 2007;
Yang et al. 2008), it was analyzed whether the activation of
PKA is involved in the disassembly of the annular chaperone
complex and the FKS506-dependent neurotrophic effect.
Figure 6(c) shows that H89, a selective cell permeable
PKA inhibitor, fully abrogates both cAMP-dependent peri-
nuclear chaperone disassembly and neurite outgrowth,
whereas it showed no effect on FK506-dependent action.
These results clearly show that PKA activation is involved in
neurite differentiation, but it is independent of the mecha-
nism triggered by FK506. These clashing observations for

© 2010 The Authors
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Fig. 6 ERK activation relates to the sub-
cellular rearrangement of chaperones. (a)
N2a cells were maintained in serum-free
medium for 18 h and pre-incubated with
10 uM UO126 (or vehicle) for 30 min. Cells
were incubated with 1 uM FK506, fixed
after 0.5, 1 and 3 h, and immunostained for
hsp90 (red), FKBP52 (green) and p23
(blue). Bar =10 um. (b) Western blots of
whole cell lysates shown the effectiveness
of the treatment with the MEK inhibitor. (c)
PKA inhibitor H89 prevents neurite out-
growth and chaperone disassembly in cells
stimulated to differentiate with 60 uM dibu-
tyryl-cAMP, but it is ineffective with cells
treated with 1 uM FK506. Cells were
starved of serum for 3 h, pre-incubated with
H89 for 40 min, and then incubated with the
differentiation agent for 3 h. Bar = 10 um.

p<0.0001
3

cAMP and FK506 action agree with their dissociated
properties in Figs 1(d,e) and 2(a,b), indicating that both
compounds have different molecular mechanism of action.

Transcriptional activity in the perinuclear structures

In Fig. 5, B-type lamin was used as marker of the
intranuclear area located next to the envelope. B-type lamin
was chosen for this analysis rather than the other types of
lamins because the expression of A- and C-types is
developmentally regulated and may be absent in early
embryonic states as it is also absent in certain stem cell
populations in adults (Stewart et al. 2007). Nuclear lamina
has important roles in regulating RNA transcription and in
the organization of chromatin, and many transcriptional
cofactors associate with lamins suggesting a potential role in
transcriptional regulation (Schirmer and Foisner 2007).
Therefore, we analyzed whether the perinuclear ring
observed in untransformed cells correlates with the tran-
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Fig. 7 The perinuclear ring becomes
transcriptionally active with FK506. Note the
ring of Br-UTP when hsp90 and FKBP52
spread out in the cytoplasm after 3 h treat-
ment. The lower panels show controls for
Br-uridine staining in FK506-treated cells
incubated with a non-immune 1gG (N/) ra-
ther than the anti-Br-uridine 1gG, and cells
where transcriptional activity was inhibited
with a-amanitin and actinomycin D (/nhibi-
tors). The green background corresponds
to the anti-FKBP52 antibody signal.
Bars = 10 um.

+ FK506

Controls

scriptional activity in the area where the chaperones are
present. If chaperones participate directly or indirectly in the
heterochromatization of genes normally observed next to the
nuclear envelope, the annular area occupied by chaperones
should show poor transcriptional activity, whereas the
disassemble of the heterocomplex should reverse this
condition. The visualization of early mRNAs labelled with
BrUTP is shown in Fig. 7. The perinuclear area of undiffer-
entiated cells shows lower production of pre-mRNAs than
cells treated with FK506, where the annular structure
originally occupied by hsp90 and FKBP52 becomes more
active transcriptionally, to the point that Br-uridine labeling
itself forms a notable ring of early mRNAs. Even though we
expected greater transcriptional activation in this area upon

© 2010 The Authors

chaperone disassembly, such a highly concentrated transcrip-
tional activity was totally unexpected. The specificity of the
Br-uridine signal was tested using non-immune primary
antibody and/or different secondary antibodies. In addition,
the annular signal of RNAs was totally abolished after
abrogating the transcriptional activity with o-amanitin and
actinomycin D in FK506-trated cells. It should be pointed out
that hsp90 and FKBPS52 were co-labeled with Br-uridine
independently to exclude potential cross-reactions of the
antibodies.

FKBP52 concentrates in axons
Because FKBP52 seems to be a key component of the
heterocomplex during the differentiation process and is a
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Fig. 8 FKBP52 concentrates in axons of embryonic hippocampal
neurons treated for 24 h with 1 uM FK506. (a) Indirect immunofluo-
rescence for the axonal marker Tau-1 and FKBP52 in cells cultured for
3 days. (b) Indirect immunofluorescence for the dendrite marker Map-
2 and FKBP52 in cells cultured for 7 days. (c) Primary hippocampal
cells cultured for 3 days with FK506 show significantly longer axons
than untreated neurons. Bars in panels (a) and (b) = 40 um.

target of FK506, we investigated the specific subcellular
redistribution of this IMM in embryonic hippocampal
neurons induced to differentiate with the immunosuppressant
drug. FKBP52 was detected in the cell body and dendrites,
but not in the axons unless neurons were incubated with
FK506 (Fig. 8a). As expected, an indirect immunofluores-
cence for Tau-1 stained the cell body and axons of
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hippocampal neurons. Such redistribution of FKBP52 to
axons was more clearly seen in cells immunostained for the
dendrite marker Map-2 (Fig. 8b), whose signal is not
detected in axons. Importantly, the presence of FKBP52 in
axons correlated directly with a longer average length of the
axons in FK506-treated hippocampal neurons compared with
the length measured in untreated cells (Fig. 8c).

Cytoskeleton rearrangement

Figures 3(a), 4(b) and 6(a) show that p23 is the slowest
protein to abandon the perinuclear ring upon cell stimula-
tion with FK506. We noticed that in many cells, p23
locates in filamentary structures that are born next to or
around the nuclear envelope. Therefore, we investigated the
nature of those filaments. Figure 9(a) shows that p23 does
not co-localize with microtubules (upper panel) or micro-
filaments (lower panel), whereas Fig. 9(b) demonstrates a
clear association of the co-chaperone with intermediate
filaments, suggesting a role for p23 on their stabilization.
The right panels are showing computer-generated 3D
images of the filaments at the level pointed by the yellow
arrow-head.

Figure 3(b and d) emphasized the fact that when the
heterocomplex is disassembled, its components concentrate
in arborization bodies and terminal axons. Interestingly, the
filamentary structure of microtubules and microfilaments is
disrupted if p23 is concentrated in these cell structures, but
this is not the case for the intermediate filaments where p23 is
bound (Fig. 9c).

Interestingly, the cytoplasmic redistribution of all three
chaperones accompanies a higher level of organization of
microtubules, whose polymerization in undifferentiated cells
(0 h) is surprisingly poor (Fig. 9d, left green panels). In these
cells, tubulin staining is more evident around the nucleus (as
it is normally seen in most cell types), but strong filaments
are not evident, and the cytoplasm shows a relatively diffuse
staining compared to the typical filamentary net observed
after cell incubation with FK506 for 3 h. On the other hand,
phalloidin-labeled microfilaments do not show differences
between both states of differentiation (Fig. 9d, red right
panels). Taken together, these images agree with the fact that
chaperone distribution along the cytoskeleton unquestionably
parallels the reorganization of the cytoskeleton.

FKBP51 replaces FKP52 in the perinuclear ring

Of the FK506-binding protein family, FKBP51 has the
highest homology with FKBP52 and shares similar crystal-
lographic structures (Sinars et al. 2003). Therefore, the
subcellular distribution of FKBP51 was studied and com-
pared to that observed for FKBP52. Because we have always
recovered hsp70 associated to FKBP51 in most of the
previously assayed systems including N2a cells (see insert in
Fig. 10a), the subcellular distribution of hsp70 was also
studied.
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Fig. 9 Cytoskeletal rearrangement. Cells
were differentiated with FK506 for 3 h, fixed
and stained for (a) p23 (green) and micro-
tubules (upper cell) and microfilaments
(lower cell) or (b) intermediate filaments. On
the right hand side it is shown the 3D-sur-
face plot profile for each protein at the level
of the arrow-head. (c) Magnified image of
arborization bodies shown the disruption of
microtubules (upper) and microfilaments
(middle) but not intermediate filaments
(lower) where p23 (shown in green) is
concentrated. (d) Microtubule staining
(green) and microfilament staining (red) for
undifferentiated cells (0 h) and FK506-
treated cells (3 h). Note the expected fila-
mentary pattern of microtubules is almost
absent in the undifferentiated cells. All
bars = 10 pm.
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Figure 10(a) shows that, in contrast to the full annular frequently in the nuclear poles. When the cells were treated
structures observed for FKBP52 and hsp90, FKBP51 local- with FK506, this nuclear ‘capping’ appearance of FKBP51
izes along with hsp70 in fragmented bodies distributed and hsp70 was transformed into a defined full ring identical to
randomly around the nucleus of N2a cells, although most that shown by FKBP52, hsp90 and p23 prior to the treatment.
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The tight association of intermediate filaments with the
nucleus and the isolation of cross-linkage products of them
with genomic DNA fragments, including nuclear matrix
attachment regions from proliferating cells, point to a
participation of these filaments in nuclear activities (Tolsto-
nog et al. 2002). Moreover, it has been reported that
neurofilaments may be confined to the perinuclear zone
during neuronal differentiation (Encinas ef al. 2000; Shu
et al. 2004; Ayala et al. 2007; Buttiglione et al. 2007).
Because this phenomenon resembles FKBP51 re-localiza-
tion, we analyzed the effect of FK506 treatment in the
subcellular localization of endogenous FKBP51 along with
neurofilaments. Figure 10(b) shows that both factors were
also concentrated in perinuclear rings. The lower panel
shows that, in contrast to the redistribution of FKBP52 along
the cell body and axons observed during the differentiation
process (Fig. 8), FKBP51 remained mostly confined to the
cell body and is recruited to perinuclear structures.

In view of the increased transcriptional activity acquired
during the early steps of the differentiation by the nuclear
area originally occupied by the annular structure of chaper-
ones (Fig. 7), the possible involvement of FKBP51 in those
areas was also studied. Figure 10(c) shows that when
FKBP51 is recruited to the nuclear structures, it co-localizes
with transcriptionally active nuclear domains.

© 2010 The Authors
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Fig. 10 Nuclear swapping of immunophi-
lins. (a) Confocal images for hsp70 and
FKBP51 in N2a cells treated or not with
1 uM FK506 for 24 h. The insert shows the
co-immunoprecipitation of FKBP51 with
hsp70 (NI: non-immune 1gG, |: anti-hsp70
1gG). (b) Confocal images for neurofila-
ments (Neu) and FKP51 in cells treated
with FK506 for 24 h. The lower cell shows
the lack of localization of FKBP51 in the
axon. (c) FKBP51 concentrates in trans-
criptionally active nuclear domains. Cells
were treated with FK506 for 6 h and pre-
mRNAs were labeled with Br-UTP as
described for Fig. 7. FKBP51 and FKP52
were visualized by indirect immunofluores-
cence. Bars = 10 um.

FKBP51 antagonizes FKBP52 properties

In as much as FKBP51 and FKBP52 are highly homologous
IMMs that show antagonistic action in steroid receptor
function (Wochnik et al. 2005), the possibility that both
proteins may play an antagonistic role in neurite outgrowth
was also explored. Figure 11(a) shows that FKBP51 over-
expression significantly impaired neurite outgrowth whereas
FKBP52 over-expression enhanced neurite length. Further-
more, Fig. 10(b) shows that abrogation of FKBP51 expres-
sion with a specific siRNA accelerated neurite outgrowth
after 4 h of treatment with FK506 with respect to controls.
Actually, untreated cells already showed longer neurites (see
black bar at zero time). These effects cannot be assigned to
inhibition of the expression of FKBP52, a positive differen-
tiating factor, as the expression of this IMM remained
unchanged after knocking-down FKBP51 (western blot is
shown on the top of the bars). On the other hand, neurite
outgrowth was abrogated in all the cells were the expression
of FKBP52 was silenced and the expression of FKBP51
remained unmodified (Fig. 10c).

In view of the fact that the formation of perinuclear rings
of chaperones seems to be an important event related to
neuronal differentiation, we also analyzed whether or not
FKBP52 is essential for the formation of such structures.
When N2a cells were transfected with specific siRNA to
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Fig. 11 FKBP51 antagonizes FKBP52-dependent neurite outgrowth.
(a) N2a cells were transfected with FKBP51 or FKBP52 and stimu-
lated with FK506. Cells were fixed and stained for each IMM (green)
and p23 (blue). Neurite length was measured in cells over-expressing
the IMM (mostly green cells pointed by arrows) or not (mostly tur-
quoise-blue cells). The bar graph on the right hand shows that,
compared to untransfected control cells (C, hatched bar), neurite
length is larger in cells over-expressing FKBP52 (52, black bar) and
shorter in cells over-expressing FKBP51 (51, white bar). (b) Knock-
down of FKBP51 (black bars) favors neurite outgrowth respect to
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control cells (white bars) after 4 h of treatment with FK506. The
western blot shows that FKBP52 expression is not affected by
knocking-down FKBP51. H3: histone H3 used as loading control. (c)
Identical experiment as in the previous panel but knocking-down
FKBP52. (d) The image shows the zero time for untransformed cells
where the expression of FKBP52 was knocked-down. Note the lack of
the prominent perinuclear ring observed in the regular cells (a quan-
tification is shown in the bar graph). The green channel was over-
exposed to permit the visualization of the minimal expression of
FKBP52. Bar = 10 um.
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abrogate the expression of FKBP52 and the signal of the
IMM was greatly decreased (see Fig. 10d, where the
photography was over-exposed to detect the fluorescence
of FKBP52), neither hsp90 nor p23 were recovered in
annular rings. Importantly, any of these cells developed
neurites during the lapse of the experiment compared to
FKBP52 expressing cells, suggesting that this IMM is
essential for the efficient development of neurites. Therefore,
FKBP52 appears to be a key factor related to neuronal
differentiation and can be associated to the particular
arrangement of chaperones in nuclear structures.

Discussion

Since the discovery that the immunosuppressant drug FK506
accelerates functional recovery and axonal regeneration in
the rat sciatic nerve-crush model, the mechanism related to
cell differentiation and neuritogenesis has remained enig-
matic and not fully addressed to date. N2a neuroblastoma
cell line and embryonic hippocampal E17 neurons provide
a superb model to study molecular programs along dif-
ferentiation. Here, we show for the first time a very
peculiar property of undifferentiated neuronal cells. The
FKBP52ehsp90ep23 complex forms a perinuclear ring that
undergoes a rapid subcellular redistribution along the
cytoplasm, FKBP52 being concentrated in terminal axons
and arborization areas. In agreement with the potential
importance of this IMM inferred from its subcellular
redistribution, knock-down experiments showed that
FKBP52 play a key role in the architecture of these nuclear
rings as these structures faded in most cells (if not all of
them) where the expression of this IMM was abrogated
(Fig. 11d). Importantly, both the rate of cell differentiation
and neurite outgrowth were also inhibited.

There is a direct relationship between the disassembly of
the chaperone complex and the progression of the differen-
tiation, the chaperones migrated to the cytoplasm being
associated with cytoskeletal rearrangement, whereas the
nuclear areas occupied by them in undifferentiated cells
become transcriptionally active. In contrast to FKBP52,
FKBP51 is not induced during differentiation, remains in the
cell body and replaces FKBP52 in the annular structures of
the nucleus complexed with hsp70. Importantly, these effects
are triggered by FK506 itself without need of other trophic
factor.

Initially, it was assumed that the mechanism underlying
neurite outgrowth by FK506 was via calcineurin inhibition.
However, there were developed a number of ligands lacking
immunosuppressant activity that retain the neuroprotective
activity (Gold et al. 2005; Voda et al. 2005; Price et al.
2007). It was proposed that the effect of FK506 is mediated
by FKBP52 and not by other FKBPs (Gold 1999; Manabe
et al. 2002; Price et al. 2005; Kang et al. 2008). Our
observations are in line with this hypothesis and also add the
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fact that FKBP51 seems to antagonize FKBP52 action. It has
also been posited that FK506 only works in the presence of
neurotrophins. Our experimental evidence shows that FK506
does exert neurotrophic action by itself in both neuroblas-
toma cells and embryonic hippocampal cells, an effect that
seems to be associated with the re-localization of the IMMs
and the generation of new protein-protein interactions, some
of them essential for the rearrangement of the cytoskeletal
architecture. Good examples are the association of p23 with
intermediate filaments and the disruption of microtubules and
microfilaments in arborization bodies (Fig. 9).

Previous works have related the activation of the MAPK
pathway with the mechanism of action of FK506 (Matsuda
and Koyasu 2003; Price et al. 2003; Gold and Zhong 2004),
although the effect was always mixed with that dependent on
neurotrophins. Most of the observations made in our study
for FK506-induced differentiation parallel those observed in
cells stimulated with cAMP. However, it is clear that the
events related to cell differentiation do not share the same
mechanism.

The ERK cascade is activated during the early steps of
differentiation and this activation is linked to the redistribu-
tion of chaperones from the nucleus to the cytoplasm (Fig. 6a
and b). Even though the biochemistry of ERK pathways is
well known, how the activation of this pathway achieves
different specific responses is unclear. This concept is not
only valid for neuronal differentiation, but also for most
signaling pathways related to ERK cascade.

The over-expression of FKBP52 induced faster cell
differentiation and neurites were longer. The opposite action
was observed after knocking-down FKBP52. On the other
hand, FKBP51 over-expression decreased both the length of
neurites and the rate of cell differentiation, and its knock-
down favored neurite outgrowth. FKBP52 (and not FKBP51)
concentrates in the growing cones, neurite varicosities that
will originate arborization, and the terminal end of axons of
neurons or axon-like structures of the cell line.

FK506-binding proteins are highly abundant in the
nervous system (Snyder ef al. 1998). One of the roles
recently reported for FKBPs is to interact with proteins
belonging to the TRPC superfamily. The association of
FKBP12 and FKBP52 with TRPC channels in rat brain
lysates is displaced by FK506 (Sinkins ef al. 2004). As
FK506 disrupts both the binding of the IMM to TRPC
channels, and it also inhibits the peptidyl-prolyl isomerase
(PPlIase) activity and calcineurin activity, it is unlikely that
such inhibitory action of FK506 may be responsible for
neuron differentiation, neurite outgrowth and nerve regener-
ation because all these effects are also seen in FKBP12-KO
mice or with FK506 derivatives lacking the ability to activate
calcineurin. Our results suggest a more complex network of
biological processes in addition to the possible (and tempt-
ing) speculation that activity of FKBP52 action may be
related to some gating mechanism of those channels. TRPC
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channels are not exclusive of neurons, but they are widely
expressed in several cell types (Parekh and Putney 2005),
whereas the effects of FK506 on cell differentiation via
hsp90-binding immunophilins are not observed in other
tissues and seem to be exclusive for neurons. A good
example is shown in Fig. 3(e) with L1 pre-adipocytes, a cell
line that expresses TRPC channels. It is important to
emphasize that the phenomenon described in this study
involves an entire rearrangement of neuronal chaperones that
may affect simultaneously several aspects of the differenti-
ation physiology, that is, from gene regulation (Fig. 7) to
cytoskeleton organization and axonal growth (Figs 8, 9 and
11). In this regard, it is likely to postulate that these
chaperones may repress gene expression in the annular
structures observed in the nucleus of undifferentiated neu-
rons, for example, by favoring the condensation of chroma-
tin. In the cytoplasm, the chaperones acquire a different role
influencing the organization of the cytoskeleton, in particular
in dendrite bifurcations and terminal axons.

A very recent report has suggested a potential role of
IMMs in axon guidance in response to netrin-1 (Shim et al.
2009). Both processes, axon guidance via netrin-1 and the
particular rearrangement of the FKBP52ehsp90ep23 com-
plex during the early neuronal differentiation steps, are not
directly related as it has also been shown that axons continue
to grow after the over-expression of FKBP mutants that
blocked the responses to netrin-1, demonstrating that axonal
growth was not impaired. Moreover, netrin signaling requires
the activity of soluble adenylyl cyclase (Wu et al. 2006),
whereas FK506 seems to be independent of this pathway.
Rather, our study shows univocally that axonal growth is
abrogated according to the balance between FKBP51 and
FKBP52, key factors for neuronal differentiation as well.

Recent studies indicates that the periphery of the nucleus
provides a platform for sequestering transcription factors
away from chromatin when these factors interact physically
with components of the inner membrane (Heessen and
Fornerod 2007). Additionally, it has been proposed that the
nuclear periphery is an epigenetically dynamic compartment
containing both active and repressed genes (Luo et al. 2009).
The lamins are developmentally regulated, with all cells
expressing B-type lamin, whereas A-type lamins are absent
in early embryonic development and in certain stem cell
populations in adults (Stewart et al. 2007). This is why we
performed the studies of co-localization labeling lamin B.
Our findings suggest that the FKBP52ehsp90ep23 complex
may shape the nuclear architecture of undifferentiated cells,
such that the initiation of the differentiation program
promotes the redistribution of the components of the
complex, thus affecting gene expression. In line with this
hypothesis, pre-mRNA labeling show high and concentrated
transcriptional activity in the perinuclear area where the
chaperone complex is disassembled before being dispersed in
the cytoplasm.
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The hsp90-inhibitor radicicol shows some initial effect on
neuronal differentiation, but it results toxic in the long term
and also impaired FK506 effects (Fig. 1). Previous studies
have used hsp90-inhibitors as differentiation agents for
neurons, but the stimulation system was a mixture of drug
and neurotrophic factors (Gold ez al. 1999; Sano et al. 1999).
Another important difference was that these studies were
performed within a time-frame when inhibitors do not show
the deleterious action described in Fig. 1 (Jin and Sano
2008). Because the MEK-ERK-CREB pathway seems to be
involved in the FK506-dependent differentiation process
(Figs 1 and 6), one possible candidate to initiate the
activation of this cascade is Ras/Raf (Kolch 2000; Pursihe-
imo et al. 2002; Price et al. 2003). However, the activation
of these kinase pathway is entirely dependent on hsp90 (Pratt
1998), so experiments with hsp90 inhibitors such as radicicol
or geldanamycin should have prevented neurite outgrowth,
which is not the case shown neither here nor by other
laboratories. Consequently, FK506 must act down-stream of
this pathway.

It has been proposed that the effect of hsp90-inhibitors on
the neurite outgrowth may be related to the disruption of
steroid receptors (Gold and Villafranca 2003), such that the
released chaperone heterocomplex may work via a gain-of-
function mechanism. Thus, it was proposed that upon
dissociation from the receptor complex, the chaperones
may favor retrotransport of signaling endosomes via
FKBP52-dynein (Gold 2002) in a similar manner as it has
been shown for steroid receptors (Galigniana et al. 2010).
However, it should be noted that chaperones are not limiting
proteins; actually, they are the most abundant soluble
proteins and are greatly induced during the differentiation
of neurons (Fig. le). Moreover, cells differentiate in the same
extend with or without dexamethasone (Fig. 2¢ and d). Even
though the influence of non-genomic effects of steroid
hormones cannot be ruled out in the long term, the
observation that the FKBP52ehsp90ep23 heterocomplex
undergoes a dramatic subcellular rearrangement makes more
likely that they (FKBP52 in particular) have specific
functions on the early steps of the differentiation process.
This interpretation is enhanced by the antagonistic action
shown by FKBP51, an IMM that shares many structural
properties with FKBP52. Therefore, we propose that IMMs
are involved in the very early steps of activation of key genes
specifically activated during neuronal differentiation and also
participate in the rearrangement of the cytoskeleton.
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