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The p75 neurotrophin receptor, a member of the tumor
necrosis factor superfamily of receptors, undergoes an �-secre-
tase-mediated release of its extracellular domain, followed by a
�-secretase-mediated intramembrane cleavage. Like amyloid
precursor protein and Notch, �-secretase cleavage of the p75
receptor releases an intracellular domain (ICD). However, it has
been experimentally challenging to determine the precise sub-
cellular localization and functional consequences of the p75
ICD. Here, we utilized a nuclear translocation assay and bio-
chemical fractionation approaches to follow the fate of the ICD.
We found that the p75 ICD can translocate to the nucleus to
activate a green fluorescent protein reporter gene. Furthermore,
the p75 ICD was localized in nuclear fractions. Chromatin
immunoprecipitation experiments indicated that nerve growth
factor induced the association of endogenous p75 with the
cyclin E1 promoter. Expression of the p75 ICD resulted in mod-
ulation of gene expression from this locus. These results suggest
that the p75 ICD generated by �-secretase cleavage is capable of
modulating transcriptional events in the nucleus.

The p75 neurotrophin receptor is the founding member of the
tumor necrosis factor receptor superfamily that includes
the Fas antigen, DR6, CD30, and CD40. This family of re-
ceptors is distinguished with multiple cysteine-rich domains for
ligand binding, a single transmembrane sequence, and a noncata-
lytic cytoplasmic domain (1). The intracellular region of the p55
tumor necrosis factor receptor, Fas receptor, and p75 contains a
death domain sequence (2). Thedeath domain serves as a protein-
protein docking site and is required for initiating tumor necrosis
factor- and Fas-mediated apoptosis (3).
The p75 receptor is recognized by all the neurotrophins

(NGF,3 brain-derived neurotrophic factor, neurotrophin-3,
and neurotrophin-4), which promote differentiation, growth,
and survival of diverse cell types in the nervous system (4–6).
Neurotrophins also initiate signaling through Trk tyrosine
kinase receptors, which are capable of forming high affinity

binding sites with p75 to potentiate responses at low concen-
trations of neurotrophins (7). The precursor form of neurotro-
phins (proneurotrophins) binds more avidly to p75 than the
mature form (8, 9). In the absence of Trk receptors, p75 is capa-
ble of independent signaling that activates NF-�B, c-Jun N-ter-
minal kinase (JNK), and the sphingomyelin cycle (10). In
selected cell types, p75 can initiate cell death (11–13). Alterna-
tively, p75 can serve as a co-receptor for several proteins that
modulate axon outgrowth, such as Nogo, neuropilin-1, and
plexin-A4 (14–16). Recently, p75 interactionwith ephrin A has
been shown to direct targeting of retinal ganglion cells during
development (17).
Intramembrane cleavage events have been detected for p75

in many cell types (18, 19). Proteolysis through presenilin-de-
pendent �-secretase activity has emerged as a highly conserved
and prevalent mechanism in receptor signaling responsible for
the intramembrane cleavage of important proteins, such as
Notch, ErbB4 tyrosine kinase receptors, CD44, low density
lipoprotein, and �-amyloid precursor protein (20).
Inhibition of �-secretase cleavage of p75 has been shown to

prevent apoptosis (21). The receptor proteolysis was observed
in vivo during naturally occurring cell death in the superior
cervical ganglia. Moreover, overexpression of the p75 ICD
resulted in apoptosis (22). These results indicate that p75-me-
diated apoptosis requires �-secretase-dependent release of its
ICD. Also, cleavage of p75 is required for inhibition of neurite
outgrowth by myelin-associated glycoprotein with its receptor,
Nogo receptor (23, 24). A complex between p75 and the Nogo
receptor has been proposed to account for the ability of p75 to
inhibit axonal regeneration through the action of the p75-inter-
acting protein RhoA. Furthermore, myelin-associated glyco-
protein binding to primary neurons induces proteolytic pro-
cessing of p75 to produce the p75 ICD. Release of RhoA fromp75
is involved in its activation, suggesting that the state of the p75
cytoplasmic domain is an important regulatory element.
Whether the p75 ICD is directed to the nucleus has been very

difficult to determine due to the instability and the exceedingly
low levels of the ICD fragment (19). Although several reports
have indicated that the ICD of p75 can be found in the nucleus
(25, 26), it is unclear what biological activities are displayed by
the ICD. In this study, we have employed several biochemical
approaches and a reporter gene assay to monitor the fate and
potential role of the p75 ICD fragment.

EXPERIMENTAL PROCEDURES

Materials—Compound E, the �-secretase inhibitor XVIII
(catalog no. 565771), leptomycin B, and clasto-lactacystin
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�-lactone were obtained from Calbiochem. Thymidine was
obtained from Sigma, and nocodazole from Tocris. Antibodies
against acetylated histone H3K9 and RhoGDI were purchased
from Upstate Biotechnology. A rabbit polyclonal antibody
against the ICD of p75 (antiserum 9992) and its preimmune
fraction were generated as described previously (27). Normal
rabbit IgG (sc-2027) used as a negative control was from Santa
Cruz Biotechnology. Anti-TAF135 antibody was purchased
from BD Biosciences.
Plasmids—The LexA-d1EGFP reporter gene was described

previously (28). A PCR strategy was used to fuse the LexA
DNA-binding domain (amino acids 1–87)-Gal4 transactiva-
tion domain (amino acids 768–881) cassette to the C terminus
of the p75 and Fas receptors. The resulting constructs were
subcloned into pcDNA3.1(�) using the KpnI and NotI sites.
The plasmid encoding the rat p75 ICD was generated as
described previously (35). All constructs were verified by auto-
mated DNA sequencing.
Cell Culture Treatments and Transfection—HEK293 and

HeLa cells were maintained in Dulbecco’s modified Eagle’s
medium containing 10% fetal calf serum or 5% fetal calf serum
and penicillin/streptomycin (Invitrogen) at 37 °C in a humidi-
fied chamber. HEK293 cells were transfected with the LexA-
d1EGFP plasmid using Lipofectamine 2000 (Invitrogen). Stably
transfected clones were selected for 3 weeks in the presence of
500 �g/ml of Geneticin (Invitrogen). Resistant clones were
expanded and tested for proper responses in the nuclear
translocation assay with a Smad3 fusion protein in the pres-
ence of human transforming growth factor-�1 (R&D Sys-
tems). For transient transfection, HEK293 and HeLa cells
were transferred to antibiotic-free Dulbecco’s modified
Eagle’s medium with 10% fetal calf serum 12 h prior to trans-
fection and then transfected with Lipofectamine 2000.
Approximately 24 h after transfection, cells were harvested
and/or processed as described below.
PC12 cells were maintained in Dulbecco’s modified Eagle’s

medium containing 5% fetal bovine serum and 10% horse
serum supplemented with 2 mM glutamine. For experiments
utilizing PC12-615 (29), cells were changed to serum-free Dul-
becco’s modified Eagle’s medium containing 1 �M clasto-lacta-
cystin �-lactone �16 h prior to NGF stimulation. NGF stimu-
lation was performed by the addition of 50 ng of NGF/ml of
medium (Harlan Bioproducts) for 3 h prior to harvesting.
Cells were harvested 48 h after transfection, washed once

with cold PBS on ice, and lysed in radioimmune precipitation
assay buffer (10 mM Tris, pH 8, 1 mM EDTA, 150 mM NaCl, 1%
Nonidet P-40, 0.1% SDS, 0.1% deoxycholate, 2�g/ml aprotinin,
1 �g/ml leupeptin, and 25 �g/ml phenylmethylsulfonyl fluo-
ride). Protein concentrations were determined by the Bradford
assay.
Nuclear Translocation Assay—The LexA-d1EGFP-trans-

fected HEK293 subclone R3 was used for these studies. An
equal number of 293-R3 cells (4 � 105) were seeded in 6-well
plates 1 day before transfection. Cells were transiently trans-
fected with Lipofectamine 2000 using 4 �g of total DNA. A red
fluorescent protein construct was cotransfected at a 1:50 ratio
to normalize for transfection efficiency. Two days after trans-
fection, cells were trypsinized and resuspended in 800 �l of

FACS buffer (0.5% fetal bovine serum in 1� PBS) and stored on
ice for FACS analysis.
Flow Cytometry—Transfected cells were analyzed with a

FACScan flow cytometer (BD Biosciences). The data were ana-
lyzed using FlowJo software (Tree Star).
Western Blot Analysis—SDS-PAGE and immunoblot analy-

sis were performed following electrophoresis on 4–20 or 15%
SDS-polyacrylamide gels. After transfer to polyvinylidene difluo-
ride membranes (Millipore), primary antibodies against spe-
cific proteins were used. They included rabbit polyclonal anti-
serum 9992 against the ICD of p75 (1:2000), the M20 antibody
against the ICD of the Fas antigen (1:500; sc-716, Santa Cruz
Biotechnology), and GFP (1:5000; Santa Cruz Biotechnology).
Subcellular Fractionation—Fractionation of PC12-615 cells

into cytoplasmic or nuclear fractions was carried out using a
well established protocol. Briefly, cells were collected and
washed with PBS prior to resuspension in ice-cold buffer A (10
mM Hepes, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.5 mM dithio-
threitol, 1 mM phenylmethylsulfonyl fluoride, 10 �g/ml aproti-
nin, and 1 �g/ml leupeptin). Cells were allowed to swell on ice
for 5 min before Dounce homogenization. The homogenate
was centrifuged at 218 � g to separate the cytoplasm from the
nuclei. Nuclei were further purified on a 0.25–0.8 M discontin-
uous sucrose gradient. Nuclei were lysed, and nuclear proteins
were released by sonication (6 � 10-s pulses with a Branson
Model S-450D Sonifier, output of 30%) on ice. The total protein
concentration of each fraction was determined by the Bradford
assay, and equal amounts of protein were analyzed byWestern
blotting.
Fractionation of HEK293 cells was carried out in accordance

with the protocol published by Méndez and Stillman (30).
Briefly, cells were collected and washed once with ice-cold PBS
before resuspension in ice-cold buffer B (10 mMHepes, pH 7.9,
10mMKCl, 1.5mMMgCl2, 340mM sucrose, 10% glycerol, 1mM

dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 10 �g/ml
aprotinin, and 1 �g/ml leupeptin). Following an 8-min incuba-
tion on ice, nuclei were collected by centrifugation (P1) at
1300 � g for 5 min. A clarified supernatant fraction (S2) was
obtained by centrifugation of the supernatant fraction (S1) at
16,000 rpm at for 15min 4 °C. The P1 fraction was washed with
buffer B, resuspended in buffer C (3 mM EDTA, 0.2 mM EGTA,
1 mM dithiothreitol, and protease inhibitors as listed above),
and incubated on an orbital shaker at 4 °C for 30 min. Soluble
(S3) and insoluble (P3) fractions were obtained by centrifuga-
tion at 1700 rpm for 5 min at 4 °C, and P3 was resuspended in
buffer C and sonicated with a Branson Model S-450D Sonifier
fitted with a microtip to solubilize the chromatin fraction.
Equal proportions of each fraction based on volume were ana-
lyzed by SDS-PAGE, followed by immunoblotting. Densitome-
try was performed by high resolution scanning of autoradiog-
raphy film, followed by quantification with ImageJ.
Chromatin Immunoprecipitation—Chromatin immunopre-

cipitation assays were performed as described previously (31)
with further modifications. A formaldehyde solution (11%
formaldehyde, 0.1 M NaCl, 1 mM EDTA, 0.5 mM EGTA, and 50
mMHepes, pH 8) was added directly to the culturemedium to a
final concentration of 1%, and cells were incubated with gentle
agitation at room temperature for 5 min. Cross-linking was
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inhibited by the addition of glycine to a final concentration of
0.125 M and incubation at room temperature for 5 min. Cells
were collected by centrifugation, and the pellet was resus-
pended in ice-cold lysis buffer 1 (1 ml/10-cm plate; 50 mM

Hepes, pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5%
Triton X-100, and protease inhibitors), followed by a 10-min
incubation at 4 °C. Nuclei were collected by centrifugation, and
the nuclear pellet was resuspended in 8 ml of lysis buffer 2 (200

mM NaCl, 1 mM EDTA, 0.5 mM

EGTA, 10mMTris, pH 8.0, and pro-
tease inhibitors) and rocked at room
temperature for 10 min. Following
centrifugation, chromatin pellets
were resuspended in 3 ml of lysis
buffer 3 (1 mM EDTA, 0.5 mM

EGTA, and 10 mM Tris, pH 8) and
sonicated with a Branson Model
S-450D Sonifier fitted with a
microtip continuously for 10 min in
a dry ice/ethanol bath to an average
length of 500 bp. Sheared chromatin
(25 �g/immunoprecipitation) was
precleared with a 50% slurry of a 1:1
mixture of protein A/G beads
(Roche Applied Science) that had
been blocked in 1 mg/ml IgG-free
bovine serum albumin (Jackson
ImmunoResearch Laboratories) for
3 h at 4 °C. Specific immunoprecipi-
tationswere performed at 4 °C over-
night with rocking. Immune com-
plexes were collected by the
addition of 20 �l of protein A/G
beads for 3 h. The beads were then
washed three times with 140 mM

NaCl, twice with 500 mM NaCl,
twice with 250 mM LiCl, and three
times with 1 mM Tris and 10 mM

EDTA. After the addition of Tris/
EDTA containing 0.5% SDS, 200
�g/ml RNase A (Sigma), and 200
�g/ml proteinase K (Roche Applied
Science), samples were incubated
at 55 °C for 3 h, followed by an
overnight incubation at 65 °C. The
samples were then extracted with
phenol/chloroform, followed by
ethanol precipitation in the pres-
ence of 20 �g of glycogen (Roche
Applied Science). The precipitated
DNA was resuspended in Tris/
EDTA buffer for analysis by PCR.
Chromatin Immunoprecipitation

PCR Primers and Conditions—PCR
was performed using standard reac-
tions with 5 �l of immunoprecipi-
tated material as a template. PCR
conditions (40 total cycles) were

used, which allowed products to remain within a linear range for
comparison. Following amplification, PCRproductswere runona
1% agarose gel and stainedwith ethidiumbromide. For rat (PC12)
amplicons, the following sequences were used: CycE1 upstream
control region, 5�-TGGGAAGGCATTCTGAAGCAC-3� and
5�-GGTTGGGAGAGGATTGAGATTGC-3� (T � 57 °C); and
CycE1 promoter, 5�-GCAGGACACGCCCATATTAG-3� and 5�-
CTACACCGCGCTAGCTGTC-3� (T � 61 °C).

FIGURE 1. FACS analysis of the nuclear translocation of p75 and FasR and fusion proteins. A, schematic
representation of the reporter assay. B, FACS analysis for nuclear translocation of FasR and p75 fusion proteins.
C, quantification of GFP-expressing cells. DB, DNA-binding domain; TA, transactivation domain; RFP, red fluo-
rescent protein; CTRL, control.
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Cell Cycle Synchronization and
Quantitative Reverse Transcription-
PCR—HeLa cells transfected with
either control or p75 ICD-express-
ing plasmids were allowed to
recover for 4 h after transfection,
followed by the addition of 2 mM

thymidine. Cells were incubated
with thymidine for 16 h, washed
extensivelywith PBS, and allowed to
cycle for 4 h in complete Dulbecco’s
modified Eagle’s medium before the
addition of nocodazole (10 �g/ml).
After 12 h of additional incubation,
mitotic cells were collected and
extensivelywashed before replating.
Samples were collected at 0, 3, and
6 h after cell cycle block release, and
total RNA was extracted using
TRIzol (Invitrogen). The total RNA
was treated to remove contaminat-
ingDNA (TurboDNase removal kit,
Ambion) before reverse transcrip-
tion of 1 �g of total RNA (Tran-
scriptor cDNA synthesis kit, Roche
Applied Science). Quantitative PCR
was performed using the Opticon 2
quantitative thermal cycler (MJ
Research) and iQ SYBR Green
Supermix (Bio-Rad). The following
primers were used for PCR amplifi-

cation: human CycE1, 5�-GTGGTGCGACATAGAGAA-
CTG-3� and 5�-CGCTGCTCTGCTTCTTACC-3�; and human
�-actin, 5�-GAGGCCCAGAGCAAGAGAGG-3� and 5�-
GTACTTGCGCTCAGGAGGAGC-3�.

RESULTS

Cleavage of the full-length p75 neurotrophin receptor
releases the extracellular domain from a membrane-bound
C-terminal fragment. TheC-terminal fragment is subsequently
cleaved by �-secretase to give rise to the soluble p75 ICD (18,
19). To determine whether p75 is directly involved in nuclear
signaling, we used a reporter gene assay to detect nuclear trans-
location events. A protein sequence containing the LexADNA-
binding domainwith aGal4 transactivation domain (referred to
as LG) was fused to the p75 C-terminal domain. The LG
sequences are capable of directly activating aGFP reporter gene
controlled by eight LexA operator sequences (28, 32). Nuclear
translocation is required to transactivate the LexA operator
sites of the reporter gene. The translocation and transactivation
events were documented previously for several nuclear pro-
teins (28, 33). Activation of the GFP reporter gene can be mon-
itored by FACS analysis, fluorescent microscopy, and Western
blot analysis.
We constructed LG fusion proteins for the p75 receptor

(p75-LG) and also the Fas receptor (FasR-LG). A HEK293 cell
line stably transfected with the GFP reporter gene was gener-
ated (293-R3) and used to analyze these proteins (Fig. 1A). Pre-

FIGURE 2. Western blot analysis of FasR and p75 fusion proteins and GFP protein expression. A, expression of
FasR and p75 fused to the reporter cassette (LG) assessed by immunoblotting with antibodies against each receptor.
B, Western blot (WB) analysis of GFP protein in FasR-LG- and p75-LG-transfected 293-R3 cells and quantitation of
analysis. Error bars represent means � S.E. (n � 3). Cpd. E, compound E; CTF, C-terminal fragment.

FIGURE 3. Nuclear accumulation of p75 in PC12 cells. PC12 cells were
treated for 1 h with the nuclear export inhibitor leptomycin B (Lepto B; 20
ng/ml), vehicle control solution (CTRL), or a combination of leptomycin B and
�-secretase inhibitor XVIII (Lepto B � X; 1 �M final concentration) and then
fixed and immunostained with anti-p75 antibody. Inhibition of the nuclear
export machinery promoted an accumulation of p75 immunoreactivity in the
nucleus as shown by co-localization with 4�,6-diamidino-2-phenylindole
(DAPI), which is blocked by the inhibition of �-secretase.
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vious studies indicated that this assay can efficiently detect the
nuclear translocation of Smad3 after transforming growth fac-
tor-� stimulation (28). Accordingly, when we transiently trans-

fected a Smad3-LG fusion protein in
293-R3 cells, we found a significant
increase in the number of GFP-ex-
pressing cells after treatment with
transforming growth factor-� (data
not shown). Moreover, transfection
of the LG cassette did not induce
GFP expression. Nuclear transloca-
tion of the LG fusion protein is
therefore necessary for activation
of the reporter gene in this system
(28, 33).
p75 Nuclear Translocation—The

p75-LG fusion protein was tran-
siently transfected in 293-R3 cells to
detect nuclear translocation events.
The FasR-LG construct was used as
a negative control because FasR is
structurally related to p75 but does
not undergo proteolytic processing,
such as �- and �-secretase cleavages
(34). After transfection of p75-LG,
GFP expression was induced in a
significant population of cells de-
tected by FACS analysis. In contrast,
transfection of FasR-LG did not
promote GFP expression (Fig. 1, B
and C).

Western blot analysis indicated
that both the FasR-LG and p75-LG
proteins were appropriately ex-
pressed in 293-R3 cells (Fig. 2A).
Fusion with the LG sequences did
not interfere with p75 biosynthesis
and proteolytic processing. In fact,
generation of the p75 ICD from full-
length p75-LG was sensitive to the
�-secretase inhibitor compound E.
Upon �-secretase inhibition, we
promptly observed the accumula-
tion of an �50-kDa band corre-
sponding to the membrane-bound
C-terminal fragment-LG fusion
protein (Fig. 2A). No cleavage prod-
uct was observed for the FasR-LG
construct (Fig. 2A). Analysis of GFP
protein expression by Western blot
analysis confirmed that p75-LG
induced high levels of GFP expres-
sion in 293-R3 cells (Fig. 2B),
whereas FasR-LG-transfected cells
did not express GFP.
The p75 ICD Localizes to the

Nuclear Compartment—The nu-
clear translocation assay provides

evidence that p75 sequences can be directed to the nuclear
compartment. To confirm these findings, we analyzed the
localization of endogenous p75 in PC12 cells by immunofluo-

FIGURE 4. The p75 ICD can be detected in nuclear fractions. A, HEK293 cells transiently transfected with a
plasmid expressing the p75 ICD were fractionated into total cell extract (TCE) or cytoplasmic (S2), nucleoplas-
mic (S3), or chromatin-enriched (P3) fractions and probed with antibody against p75, cytoplasmically restricted
RhoGDI, or the chromatin-associated protein TAF135. B, the p75 ICD signal shown in A was quantified by
densitometry. The levels were normalized to the signal from the total cell extract band. Error bars represent
means � S.E. (n � 3). C, PC12 cells were fractionated into cytoplasmic and nuclear fractions, and proteins were
analyzed by Western blotting. Whole cell extract from HEK293 cells transiently transfected with a plasmid
expressing the p75 ICD (Trans. Ctrl.) was loaded to ensure proper identification of the band corresponding to
the p75 ICD fragment (band marked with an asterisk). The membrane was probed with antibody against p75,
RhoGDI, or nuclear restricted acetylated histone H3 lysine 9 (Ac H3-K9). Boxed areas represent different regions
of the same membrane.
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rescence microscopy. Under control conditions, we found, as
expected, that p75 was localized to the cell surface and in the
cytosol (Fig. 3). Upon treatment with leptomycin B, a potent
nuclear protein export inhibitor (35), a detectable amount of
p75 could be observed in the nucleus. Interestingly, nuclear
accumulation could be blocked by treatment with inhibitor X, a
�-secretase inhibitor, suggesting that p75 proteolytic process-
ing and subsequent p75 ICD production are necessary for
nuclear translocation.
To further investigate p75 ICD nuclear-cytoplasmic shut-

tling, we conducted cell fractionation experiments in HEK293
cells transiently transfected with a p75 ICD construct. The p75
ICDwas found in both the cytoplasmic and nuclear fractions as
assessed by the localization of the nuclear specific protein
TAF135 and the cytoplasmic restricted protein RhoGDI (36).
Interestingly, we observed a significant proportion of the
nuclear p75 ICD to be located with a chromatin-enriched frac-
tion (Fig. 4,A andB). Cell fractionation experiments performed

in PC12 cells confirmed these results for the endogenous p75
ICD protein. Endogenously generated p75 ICD was present in
both the cytoplasmic and nuclear fractions (Fig. 4C). Localiza-
tion of a nuclear protein (H3K9) and a cytoplasmic protein
(RhoGDI) was assessed to control for the specificity of the
fractionation procedure. The results of this set of experi-
ments show that the p75 ICD can translocate into the
nucleus, specifically within a chromatin-enriched fraction,
and that nuclear-cytoplasmic shuttling is dependent upon
p75 cleavage by �-secretase.
Endogenous p75 Binds to the CycE1 Promoter upon NGF

Stimulation—Anumber of proteins have been found to bind to
the cytoplasmic domain of p75. They include SC-1 (36), RhoA
(37), and TRAF6 (38, 39). In addition, several p75-interacting
proteins, such as NRIF (neurotrophin receptor-interacting fac-
tor) (21), NADE (p75NTR-associated cell death executor) (40),
and NRAGE (neurotrophin receptor-interacting MAGE homo-
log) (41), contribute to apoptosis in immortalized cell lines.
Each protein binds to separate domains in the cytoplasmic
domain of the p75 receptor.Of particular interest is SC-1, a zinc
finger protein that has been localized to both the nucleus and
cytoplasm. A principal function of SC-1 is to regulate growth
arrest though modulation of cyclin E gene expression (42). To
determine whether endogenously expressed p75 can also be
detected at the CycE1 promoter region, we performed chroma-
tin immunoprecipitation experiments in PC12 cells. After
treatment with NGF for 3 h and immunoprecipitation with an
antibody (9992) against the ICD of p75 (27), we could detect
p75 bound to the CycE1 promoter region (�213 to �23 of the
transcriptional start site). In contrast, we were unable to detect
p75 either in untreated cells or at an upstream control region
(�6058 to �5855 from the transcriptional start site of CycE1)
(Fig. 5). In addition, no signal could be detected from material

precipitated with a preimmune
fraction of the anti-p75 antibody
(9992), rabbit IgG, or protein A/G
beads alone, showing that the
detected signal was specific to the
anti-p75 antibody. Taken together,
these results and the biochemical
fractionation (Fig. 4) indicate that
p75 can be found in a nuclear frac-
tion and specifically interacts with a
known transcriptional target of a
p75-interacting protein (42).
p75 ICD Expression Can Modu-

late CycE1 mRNA Levels—Because
we were able to detect p75 at the
CycE1 promoter, we next asked
whether the p75 ICD might have
any effect on CycE1 gene expres-
sion. We used HeLa cells for these
experiments because they can be
easily and reproducibly synchro-
nized by thymidine/nocodazole
block. HeLa cells were transfected
either with empty vector or with a
plasmid expressing the p75 ICD

FIGURE 5. Endogenous p75 binds to the CycE1 promoter upon NGF stim-
ulation. PC12 cells were either left untreated (�) or treated with NGF for 3 h
(�) prior to cross-linking, and chromatin immunoprecipitation was per-
formed with the indicated antibodies. The precipitated material was ampli-
fied by PCR using primers flanking the CycE1 transcriptional start site (core
promoter, �213 to �23). A region 6 kb upstream of the rat CycE1 transcrip-
tional start site (upstream control, �6058 to �5855) was used as a PCR con-
trol. input lanes represent 0.1–1% (first four lanes) of the total chromatin used
for each immunoprecipitation.

FIGURE 6. Expression of the p75 ICD in cell cycle-synchronized HeLa cells leads to decreased levels of
CycE1 mRNA. HeLa cells transfected with either the pcDNA3.1 empty vector or a p75 ICD-expressing plasmid
were synchronized by thymidine/nocodazole block. After release from cell cycle block, total cellular RNA was
collected at 0, 3, or 6 h and subjected to quantitative reverse transcription-PCR. CycE1 levels were normalized
to �-actin RNA levels. RNA levels are displayed relative to pcDNA3.1-transfected cells at the 0-h time point. Error
bars represent means � S.E. *, p � 0.05, Student’s t test (n � 3).
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and synchronized by thymidine/nocodazole-induced cell cycle
arrest. Quantitative reverse transcription-PCR analysis of total
RNA indicated that the levels of CycE1 mRNA were signifi-
cantly decreased in p75 ICD-expressing cells 6 h after cell cycle
block release (Fig. 6). This finding is consistent with a previous
study showing that expression of the p75 interaction partner
SC-1 represses transcription of CycE1 in serum withdrawal-
synchronized 3T3 cells (42).

DISCUSSION

Regulated intramembrane proteolysis is a conserved mecha-
nism that has been proposed to regulate intracellular signaling
events. Because many transmembrane proteins undergo
�-secretase cleavage, one prevailing explanation is that these
proteolytic events are designed to remove and degrade proteins
from the cell surface. An alternative view is that the ICD
sequences, once released from the plasmamembrane,may have
important functions in a different subcellular compartment,
such as the cytoplasm and/or the nucleus. In this work, we have
demonstrated that the p75 ICD is capable of translocating into
the nucleus, where it can activate gene expression of a heterolo-
gous gene encoding GFP.Moreover, the p75 ICD can be detected
in nuclear fractions and is capable of interacting with the CycE1
promoter and modulating its gene expression. Our data suggest
that the p75 receptor may employ regulated intramembrane pro-
teolysis to transmit an intracellular signal. Similar to the cleavage
of Notch, the p75 ICD may function as a nuclear transcriptional
modulator. The ICDs that result from �-secretase cleavage of
Notch appear to act as nuclear signaling proteins (43, 44). For
example, the p75 ICDmay activate a set of genes that are involved
in cell death or alternatively modulate genes that are associated
with neuronal differentiation.
Cleavage of p75 by regulated intramembrane proteolysis is of

particular importance for a number of reasons. The ICD of p75
has the potential of bindingmany intracellular proteins, includ-
ingTRAF6, SC-1,NADE,NRAGE, andRhoA (6). The p75 cyto-
plasmic domain may bring these proteins to function in differ-
ent cellular compartments. Alternatively, p75may interactwith
proteins possessing defined nuclear localization signals, such as
importin-�, that might act to shuttle the p75 ICD into the
nucleus (45). Cleavage of the C-terminal fragment also gives
rise to a small peptide whose significance is unknown, but it is
analogous to the amyloid-� peptides generated from amyloid
precursor protein. Another compelling reason that p75 cleav-
age is important is that many cell types up-regulate p75 recep-
tors under pathological or inflammatory conditions. For exam-
ple, after seizures of adult rats, there is prominent expression of
p75 in cortical neurons (46), which normally do not express this
receptor. Moreover, induction of p75 has been observed in
many cell types, including oligodendrocytes, Schwann cells,
microglia, macrophages, and smooth muscle cells (5, 6).
In the experiments reported here, we have used immortal-

ized cell lines rather than primary neurons because of the diffi-
culty in obtaining sufficientmaterials for analysis and the inher-
ent problems in detecting the fate of the cleaved ICD fragment.
Despite these reservations, the results indicate that the p75
receptor is capable of nuclear localization and modulation of
transcriptional activity. The increase in binding of endogenous

p75 to the CycE1 promoter after NGF treatment (Fig. 5) implies
that other target genes may also be affected by p75.
A number of experiments point to potentially important bio-

logical implications of p75 cleavage. Recent studies of malig-
nant gliomas found that inhibition of �-secretase cleavage of
p75 results in a decrease in glioma invasion and an increase in
survival (47). In this case, generation of the ICD in glioma cells
produces a more invasive phenotype, suggesting that there are
changes in gene expression as a result of p75 cleavage. The p75
receptor has also been implicated in amyloid-�-induced neuro-
degeneration (48). The involvement of p75 cleavage has not yet
been assessed in this case or in the interaction with ephrin A
reverse signaling (17). It is notable that the induction and cleav-
age of p75 occur in selective neurons that are destined to
undergo intramembranous �-secretase cleavage of amyloid
precursor protein (49), which suggests that p75 cleavage may
also represent an important early event during neurodegenera-
tion. Further experiments to investigate the downstreameffects
of p75 cleavage will yield insight into these and other diverse
possibilities.
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and Sendtner, M. (2004) J. Cell Biol. 164, 985–996

43. Fortini, M. E. (2002) Nat. Rev. Mol. Cell Biol. 3, 673–684
44. Weinmaster, G. (2000) Curr. Opin. Genet. Dev. 10, 363–369
45. Hanz, S., Perlson, E., Willis, D., Zheng, J. Q., Massarwa, R., Huerta, J. J.,

Koltzenburg, M., Kohler, M., van Minnen, J., Twiss, J. L., and Fainzilber,
M. (2003) Neuron 40, 1095–1104

46. Roux, P., Colicos, M. A., Barker, P. A., and Kennedy, T. E. (1999) J. Neu-
rosci. 19, 6887–6896

47. Wang, L., Rahn, J. J., Lun, X., Sun, B., Kelly, J. J., Weiss, S., Robbins, S. M.,
Forsyth, P. A., and Senger, D. L. (2008) PLoS Biol. 6, e289

48. Bengoechea, T. G., Chen, Z., O’Leary, D., Masliah, E., and Lee, K. F. (2009)
Proc. Natl. Acad. Sci. U.S.A. 106, 7870–7875

49. Müller, T., Meyer, H. E., Egensperger, R., and Marcus, K. (2008) Prog.
Neurobiol. 85, 393–406

p75 Receptor Cleavage

5368 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 8 • FEBRUARY 19, 2010


