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Nuclear Localization of Basic Fibroblast Growth Factor
is Mediated by Heparan Sulfate Proteoglycans Through
Protein Kinase C Signaling
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Abstract Understanding the process of wound healing will provide valuable insight for the development of
new strategies to treat diseases associated with improper regeneration, such as blindness induced by corneal scarring.
Heparan sulfate proteoglycans (HSPG) are not normally expressed in the corneal stroma, but their presence at sites of
injury suggests their involvement in the wound healing response. Primary cultured corneal stromal fibroblasts
constitutively express HSPG and represent an injured phenotype. Recently, nuclear localization of HSPG was shown to
increase in corneal stromal fibroblasts plated on fibronectin (FN), an extracellular matrix proteinwhose appearance in the
corneal stroma correlates with injury. One possible role for the nuclear localization of HSPG is to function as a shuttle for
the nuclear transport of heparin-binding growth factors, such as basic fibroblast growth factor (FGF-2). Once in the
nucleus, these growth factors might directly modulate cellular activities. To investigate this hypothesis, cells were treated
with 125I-labelled FGF-2 under various conditions and fractionated. Our results show that nuclear localization of
FGF-2 was increased in cells plated on FN compared to those on collagen type I (CO). Interestingly, FGF-2-stimulated
proliferationwas increased in cells plated on FN compared to CO and this effect was absent in the presence of heparinase
III. Furthermore, pre-treatment with heparinase III decreased nuclear FGF-2, and CHO cells defective in the ability to
properly synthesize heparan sulfate chains showed reduced nuclear FGF-2 indicating that the heparan sulfate chains
of HSPG are critical for this process. HSPG signaling, particularly through the cytoplasmic tails of syndecans, was
investigated as a potential mechanism for the nuclear localization of FGF-2. Treatment with phorbol 12-myristate-13-
acetate (PMA), under conditions that causeddownregulationof protein kinaseCa (PKCa), decreasednuclear FGF-2.Using
pharmacological inhibitors of specific PKC isozymes, we elucidated a potential mode of regulation whereby PKCa
mediates the nuclear localization of FGF-2 and PKCd inhibits it. Our studies suggest a novel mechanism in which FGF-2
translocates to the nucleus in response to injury. J. Cell. Biochem. 88: 1214–1225, 2003. � 2003 Wiley-Liss, Inc.
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Wound healing following injury is a complex
and incompletely understood process. Under-
standing this process would be invaluable in
developing new strategies to treat diseases
associated with improper regeneration, such

as blindness induced by corneal scarring,
[Whitcher et al., 2001], or uncontrolled healing,
such as cancer [Lotti et al., 1998;Barcellos-Hoff,
2001]. Growth factors, such as basic fibroblast
growth factor (FGF-2), are involved in proces-
ses associated with wound healing such as
cellmigration, proliferation, anddifferentiation
[Nugent and Iozzo, 2000; Okada-Ban et al.,
2000]. FGF-2 canmodulate these cell activities
in a variety of ways. The best-characterized
mechanism of FGF-2 action is through binding
to its tyrosine kinase receptors leading to the
consequent activation of a number of intracel-
lular signaling pathways [Szebenyi, 1999].
Efficient activation of FGF receptors depends
on the coordinated binding of FGF-2 to cell
surface heparan sulfate proteoglycans (HSPG)
[Park et al., 2000]. The interaction of FGF-2
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with the structurally complex heparan sulfate
chains has been shown to enhance FGF-2
receptor binding and signal transduction
[Kwan et al., 2001; Turnbull et al., 2001; Esko
and Selleck, 2002]. In contrast to these cell
surface events, there have also been reports of
the nuclear localization of FGF-2 and direct
interaction with nuclear machinery in the sti-
mulation of cell growth [Amalric et al., 1994;
Jans and Hassan, 1998; Sperinde and Nugent,
1998; Keresztes and Boonstra, 1999; Bailly
et al., 2000]. For example, FGF-2 interacts with
and activates casein kinase-2, a ubiquitous
serine/threonine kinase involved in the control
of cell proliferation at the nuclear level [Bailly
et al., 2000]. The mechanism by which FGF-2
translocates to the nucleus remains unclear but
is thought to involve HSPG.
WhileHSPGareknown tomodulate theactiv-

ities of FGF-2 by stabilizing receptor binding
[Tumova and Couchman, 2000; Pellegrini,
2001], a growing body of evidence suggests
additional roles for HSPG in FGF-2 mito-
genesis. Syndecans, a family of transmembrane
cell surface HSPG, are particularly interesting
because of their wide distribution and their
ability to initiate intracellular signaling
through highly conserved cytoplasmic tails
[Volk et al., 1999; Rapraeger, 2000; Simons
andHorowitz, 2001]. The variable regionwithin
the cytoplasmic domain of syndecan-4, inpartic-
ular, has been shown to bind and activate
PKCa [Oh et al., 1997b; Horowitz, 1998a]. This
interaction requires oligomerization of synde-
can-4 cytoplasmic tails and phosphatidylinosi-
tol 4,5-bisphosphate, which is upregulated by
fibronectin [Oh et al., 1997a; Oh et al., 1998;
Horowitz et al., 1999]. Furthermore, PKCdmay
regulate PKCa activation by phosphorylating a
specific serine within the cytoplasmic tail of
syndecan-4, thereby inhibiting the oligomeriza-
tion necessary for PKCa activation [Horowitz,
1998a,b;Horowitz et al., 2002].HSPG-mediated
PKC signaling may play an important role in
modulating FGF-2 activity.
A possible mechanism for the modulation of

FGF-2 activity by HSPG could be the nuclear
localization of FGF-2 through an HSPG-depen-
dent pathway. FGF-2 has already been shown
to be internalized through an HSPG-mediat-
ed pathway, independent of FGF receptors
[Quarto, 1994]. In addition, reports of heparan
sulfate in the nucleus suggest intracellular
roles forHSPG, such as the regulation of growth

at the transcriptional level [Fedarko and
Conrad, 1986; Ishihara et al., 1986; Fedarko
et al., 1989; Rykova and Grigorieva, 1998;
Cheng et al., 2001]. Recently, HSPG has been
shown to localize to the nucleus in corneal
stromal fibroblasts (CSF) under conditions as-
sociatedwithan injured state [Richardsonetal.,
2000]. The corneal stroma is an excellent model
to studyHSPG-mediatedwoundhealingproces-
ses sinceHSPGare not constitutively expressed
in the uninjured stroma yet have been detected
at the wound edge upon disruption [Hassell
et al., 1983; Funderburgh and Chandler, 1989;
Brown et al., 1995]. Because of the ability for
HSPG to interact with FGF-2 and the presence
of both FGF-2 and HSPG in the nucleus, we
hypothesize that one role for intracellular
HSPG may be to direct FGF-2 to the nucleus,
and that this process may be regulated by PKC
signaling.

In this report, we describe increased nuclear
localization of FGF-2 in cells plated on FN
compared to CO and show that this effect is
decreased in the presence of heparinase III. In
addition, FGF-2 stimulated proliferation was
also increased in cells plated on FN compared to
CO and this effect was abrogated upon treat-
ment with heparinase III. Moreover, FGF-2
nuclear localization was decreased in a mutant
CHO cell line defective in the ability to properly
synthesize heparan sulfate chains. Through the
use of PKC modulators, we uncovered a poten-
tial mechanism whereby the HSPG-mediated
nuclear localization of FGF-2 requires PKCa
and is inhibited by PKCd. These findings
suggest a novel mechanism by which FGF-2 is
processed in response to injury in order to
promote cell growth.

METHODS

Reagents

Human recombinant FGF-2 was a generous
gift from Dr. W. Michael Kavanaugh of Chiron
Corp. (Emeryville, CA). Preparation of 125I-
FGF-2 with 125I-Bolton-Hunter reagent (NEN
Life Science Products, Boston, MA) was con-
ducted as previously described [Nugent and
Edelman, 1992]. Fetal bovine serum (FBS) and
cell culture reagents were from Life Techno-
logies (Gaithersburg, MD). Fibronectin from
bovine plasma was from Sigma (St. Louis, MO).
Collagen I (bovine dermis) was from Becton
DickinsonLabware (Bedford,MA). ITS
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supplement was from BD Biosciences (Bedford,
MA). Secondary antibodies, sheep anti-mouse
IgG-horseradish peroxidase, and donkey anti-
rabbit IgG-horseradish peroxidase, were from
Amersham (Piscataway, NJ). Heparinase III
from Flavobacterium heparinum was a gene-
rous gift from Biomarin Pharmaceuticals
(Montreal, Canada). Gö 6976, Bisindolylmalei-
mide I, and rottlerin, were from Calbiochem
(San Diego, CA). Phorbol 12-myristate 13-
acetate (PMA) was from Sigma. Nonidet P-40
[NP-40; (polyethylene glycol)-p-isocytyophenyl
ether; octylphenoxypolyethoxyethanol], and
otherreagentgradechemicalswere fromSigma.

Cell Culture

Primary stromal fibroblasts (CSF) were iso-
lated from rabbit corneas. Corneas were re-
moved from fresh, whole rabbit eyes (Pel-Freez,
Rogers, AS), rinsed in Dulbecco’s modified
Eagle’s Medium (DMEM), low glucose, 100 mg/
ml penicillin, 100 U/ml streptomycin, 0.8%
Nystatin, and digested in collagenase A (2 mg/
ml) fromClostridiumhistolyticum (Boehringer-
Mannheim, Indiananapolis, IN) for 1.5 h at
378C. After gently teasing away the epithelial
layer, the partially digested corneaswere trans-
ferred into fresh collagenase A and incubated
for an additional 3.5 h at 378C. Following
centrifugation at 1,000g for 10min and removal
of supernatant, cells were resuspended and
plated at 50,000/cm2 in DMEM, low glucose,
0.1 mM MEM non-essential amino acids,
100 mg/ml penicillin, 100 U/ml streptomycin,
1% Nystatin, 10% FBS. After 2–3 days, cells
weremaintained inDMEMcontaining 4%FBS.
When cells reached confluence, they were used
for experiments. For all experiments, cells were
trypsinized and plated at 15,000/cm2 (unless
otherwise stated) in serum-free DMEM and
allowed to adhere overnight. Bacteriological
disheswere prepared by coatingwith individual
matrix molecules (fibronectin and collagen I)
at 20 mg/ml in PBS for 16 h at 48C. Consistent
coating of different sized dishes was achieved
by maintaining a 250 ml:1 cm2 ratio for each
well substratum [Ingber, 1990; Asthagiri et al.,
1999]. Prior to cell plating, dishes were washed
with serum-free DMEM at 378C. CHO cells
(CHO-K1 and -ldlD obtained from Dr. Monty
Krieger at MIT, Cambridge, MA) were main-
tained in F-12 (Ham’s) media supplemented
with 100 mg/ml penicillin, 100 U/ml streptomy-
cin, 5% dialyzed FBS. For experiments, CHO

cells were plated in serum-free F-12 (Ham’s)
media supplemented with 1% ITS

TM

with and
without 20 mM galactose overnight at 378C
[Krieger et al., 1989].

Cellular Fractionation

To quantitate the amount of 125I-FGF-2 trans-
located to the nucleus under various conditions,
cells were disrupted and fractionated through
a modification of a previously described pro-
cedure [Maher, 1996; Sperinde and Nugent,
1998]. This method has been demonstrated to
isolate nuclei with limited contamination by
plasma membrane and cytosolic components.
Experimentswere initiatedbywashing the cells
once with binding buffer (DMEM, low glucose,
25 mM HEPES, 0.1% BSA) at 378C. Cells were
treated as described in the legends of each
figure and incubated with125I-FGF-2 at 378C.
After incubation with125I-FGF-2, cells were
washed three times with ice-cold binding buffer
to remove non-cell associated 125I-FGF-2. Prior
to cellular fractionation, cell surface associat-
ed 125I-FGF-2 was removed. HSPG-associated
125I-FGF-2 was released by extraction with a
high-salt buffer (20 mM HEPES, 2 M NaCl,
pH 7.4; 0.5 ml/well for 5 sec at RT) followed by
a wash with PBS. Cell surface receptor-
associated 125I-FGF-2 was released by extrac-
tion with a high salt/acid buffer (20 mM sodium
acetate, 2 M NaCl, pH 4.0; 0.5 ml/well for 5 min
at RT), followed by a wash with PBS. Cells were
trypsinized using 0.5 ml of 0.01% trypsin,
0.53 mM EDTA (Life Technologies, Inc.). Tryp-
sinization was stopped by the addition of 0.5ml/
well of 1 mg/ml soybean trypsin inhibitor
(Sigma) in binding buffer. Cell suspensions
were placed in a Model 235C microcentrifuge
(Fisher Scientific,NJ) and centrifuged for 30 sec
at 10,000g. Cell pellets were resuspended by
briefly vortexing in 200 ml of homogenization
buffer (10 mM HEPES, pH 7.9, 10 mM KCl,
0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT,
0.5 mM PMSF) and incubated on ice for 15 min.
After this incubation, 12.5 ml of a 10% NP-40
solution (in H2O) was added, and the samples
were vortexed vigorously for 10 sec. This was
followed by another centrifugation, 30 sec at
10,000g. The supernatant was collected as the
cytoplasmic fraction. The crude nuclear pellet
was washed again by repeating the procedure
outlined above. Radioactivity in these frac-
tions was quantitated by counting in a Cobra
II1 Series Gamma Counter (Packard Corp.,
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Meriden, CT). Counts were normalized based
on cell number. To control for the carry-over of
125I-FGF-2 from the cytoplasmic fraction into
the nuclear pellet, we measured the amount of
125I-FGF-2 added to crude cell extracts that
became associated with the nuclear fraction.
Three concentrations of 125I-FGF-2 were used
and the maximal amount of carry-over was
determined to be 5%. Thus, 5% of the counts
obtained from the cytoplasmic fractionwere sub-
tracted from the counts obtained from the nuc-
lear pellet in all subsequent fractionation data.

Cell Proliferation Analysis

Cells were plated onto bacteriological dishes
coated with 20 mg/ml FN or CO and allowed to
attach and spread overnight at 378C in serum-
free DMEM. Treatment with heparinase III
(0.4 U/ml) and/or FGF-2 (55 pM) were initiated
16 h after plating and additional doses of
heparinase III and FGF-2 were added each
day throughout the experiment. Cell number
was determined at each time point using a
particle count and size analyzer (Coulter Corp,
Miami, FL). In control experiments, heparinase
III activity loss wasmeasured over time at 378C
and its half-life was determined to be 24 h
[Buczek-Thomas et al., 2002].

Immunoblot Analysis

To identify changes in PKCa expression in
the presence of PMA, cells were treated with
PMA at 378C for various times. Cultures were
homogenized by scraping in 300 ml/well of
extraction buffer (20 mM HEPES, pH 7.0, 1%
Triton X-100, 10% glycerol, 2 mM PMSF), and
nuclei and insoluble debris were removed by
centrifugation at 12,000g for 10 min [Fannon,
1996]. Cell extracts were subjected to SDS–
PAGE (8.5%) under reducing conditions, and
the proteins were transferred to Immobilon-P
(Millipore Corp, Bedford, MA). Membranes
were blocked in Tris-buffered saline (TBS), 1%
Tween-20, 5% nonfat milk for 1 h at RT (or
overnight at 48C) andprobed for 1hat 378Cwith
the following primary antibodies diluted in
TBS, pH 7.6, 4% BSA, 0.03% NaN3: (1) a rabbit
polyclonal antibody to phosphorylated PKCa
(Upstate Biotechnology, Inc., Lake Placid, NY)
at 2 mg/ml; (2) a mouse monoclonal antibody for
total PKCa (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA) at 1 mg/ml; and (3) a mouse
monoclonal antibody for b-actin (Sigma) at

1.35 mg/ml. Incubation with the primary anti-
body was followed by 1 h incubation at 378C
with horseradish peroxidase-linked secondary
antibodies. Bands were visualized with ECL
chemiluminescence (Amersham) on Hyperfilm
ECL (Amersham). Blots could be stripped by
submerging the membrane in stripping buffer
(62.5 mM tris-HCl, pH 6.8, 2% SDS, 100 mM 2-
mercaptoethanol) at 508C for 30minwith gentle
agitation, and re-probed. Autoradiographswere
analyzed using Scion Image forWindows (Scion
Corp., Frederick, MD) to determine relative
band intensities.

RESULTS

Nuclear Localization of FGF-2 is Increased in
Cells Plated on Fibronectin

Fibronectin (FN) is an extracellular matrix
component known to be associated with in-
jury [Murakami and Otori, 1992], and the
nuclear localization of HSPG is increased in
corneal stromal fibroblasts (CSF) plated on FN
[Richardson et al., 2000]. Because nuclear
accumulation of FGF-2 correlates with cell
growth, we hypothesized that HSPG might act
as a nuclear shuttle for FGF-2 in response to
injury. To determine if FGF-2 localizes to the
nucleus under the same conditions that HSPG
localizes to the nucleus, we plated CSF on FN or
collagen I (CO), treated them with 125I-FGF-2,
and isolated nuclear fractions. Nuclear FGF-2
in FN-plated cells was consistently higher com-
pared to that in CO-plated cells, and this effect
was both time- (Fig. 1A) and dose-dependent
(Fig. 1B). Cells plated on FN consistently
showed increased nuclear localization of FGF-
2 up to 6 h. By 6 h, nuclear levels of FGF-2 began
to level off. The dose response study shows that
this difference was maintained with increasing
concentrations of FGF-2 (Fig. 1B). It is unlikely
that this process is related to FGF-2 receptor
interactions over this concentration range as
the level of FGF-2-bound receptors would be
nearly constant (Kd¼ 0.02 nM), while HSPG
binding (Kd¼ 7.8 nM) would progressively
increase [Richardson et al., 1999]. Thus, it
is more likely that the dose response results
are reflective of HSPG interactions. Since the
nuclear localization of FGF-2 was increased
under the same conditions that nuclear HSPG
increases, we hypothesize that HSPG is func-
tioning as a shuttle for FGF-2 translocation to
the nucleus.
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Cell Proliferation is Increased on Fibronectin
and is HSPG-Mediated

FGF-2 has been shown to bind to casein
kinase-2 (CK2) in nuclear extracts and stimu-
late its activity toward nucleolin [Bonnet et al.,
1996]. CK2 signaling in the nuclear matrix is
thought to be involved in cell growth and
proliferation [Faust and Montenarh, 2000; Yu
et al., 2001]. To study the effects of fibronectin
on FGF-2-stimulated cell proliferation, cells
were plated on FN or CO and treated with
FGF-2 in the presence or absence of heparinase
III, which cleaves the heparan sulfate chains of
HSPG. Cell numbers were determined at var-
ious times over a period of 6 days. The results
demonstrate that FGF-2-stimulated cell prolif-
eration was increased in cells plated on FN
(Fig. 2A) compared to CO (Fig. 2B) by �30% in

the absence of heparinase III. However, in the
presence of heparinase III, there was no FGF-2-
stimulated proliferation and no significant
differences between cells plated on FN vs. CO.

Heparinase III Decreases the Nuclear
Localization of FGF-2

FGF-2 is known to interact with HSPG
through its heparin-binding domains [Nugent
and Iozzo, 2000; Tumova and Couchman, 2000].
To determine if the interaction between FGF-2
and the heparan sulfate chains of HSPG is im-
portant for the nuclear translocation of FGF-2,

Fig. 1. Nuclear localizationof FGF-2 is increased in cells plated
on FN vs. CO. Fibroblasts were plated on FN (&) or CO (&) in
serum-free media and incubated at 378C for 16 h. A: 125I-FGF-2
(0.6 nM) was added and nuclear fractions were obtained at
various time points. B: Varying concentrations of 125I-FGF-2
were added and nuclear fractions were obtained following
6-h incubation at 378C. Data presented are means of tripli-
cates �1 SD. Similar results were observed in six separate
experiments.

Fig. 2. Cell proliferation is increased on fibronectin and is
HSPG-mediated. Cells were cultured in serum-free DMEM on
bacteriological plates coated with either fibronectin (A), or
collagen type I (B). Cells were treated daily with heparinase III
(0.4 U/ml) or FGF-2 (55 pM). Cell number was determined at
each time point using a Coulter counter. Data represent the
average of triplicate determinations� SEM. Control, untreated
cells (&); FGF-2 (&); heparinase III (*); FGF-2 andheparinase III
(*). These experiments were repeated three times.
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we treated cells with heparinase III, prior to
addition of 125I-FGF-2 and nuclear fractiona-
tion. Pre-treatment with heparinase III signifi-
cantly decreased the nuclear accumulation of
FGF-2 by over 50% in both FN- and CO-plated
cells (Fig. 3), suggesting that the FGF-2-
heparan sulfate interaction at the cell surface
is necessary for the nuclear translocation of
FGF-2.

Nuclear Localization of FGF-2 is Decreased
in HS-Deficient CHO cells

The mutant CHO cell line, ldlD, is unable to
properly synthesize heparan sulfate chains due
to a defect in the enzyme, 4-epimerase [Krieger
et al., 1989]. This defect in heparan sulfate
synthesis can be bypassed by the addition of
galactose. We used this CHO cell system to
evaluate the requirement of heparan sulfate in
the nuclear localization of FGF-2. We plated
control (K1) and mutant (ldlD) cells with and
without galactose, on FN, treated them with
125I-FGF-2, and isolated nuclear fractions
(Fig. 4). Nuclear FGF-2 was decreased in the
mutant cells by �50% compared to control (K1)
cells. Moreover, galactose supplementationwas
able to rescue FGF-2 nuclear localization in the
mutant (ldlD) cells back to levels comparable to
those observed with control (K1) cells.

PMA Decreases the Nuclear
Localization of FGF-2

Recent publications are beginning to eluci-
date the roles of signaling through the cyto-
plasmic tails of syndecans. In particular,
syndecan-4 was shown to activate PKCa [Oh
et al., 1997b;RapraegerandOtt, 1998;Horowitz
et al., 1999]. To determine if PKC signaling
is involved in the nuclear localization of FGF-2,
we treated cells with phorbol 12-myristate
13-acetate (PMA), at various time-points rela-
tive to FGF-2 introduction. Nuclear fracti-
onation analysis revealed that PMA inhibited
the nuclear localization of FGF-2 (Fig. 5A).
To measure the amount of activated and total
PKCa, we performed Western blot analysis
using antibodies specific for phospho-PKCa
and total PKCa. This analysis revealed that
PMA caused an overall decrease in both phos-
pho- and total PKCa over a 24-h period. Quan-
titation of relative band intensities revealed
that PMA treatment caused greater than 90%
loss in total PKCa after 1 h, while phospho-
PKCawasdecreasedby 40–50%after 1handby

Fig. 3. Heparinase III decreases the nuclear localization of
FGF-2 in corneal stromal fibroblasts (CSF) plated on FN and CO.
Fibroblasts were plated on FN or CO in serum-free media and
incubated at 378C for 16 h. Following treatment with (&) or
without (&) heparinase III (0.2 U/ml) for 1 h at 378C, cells
were rinsed and incubated with 125I-FGF2 (0.6 nM) for 6 h at
378C in amediumcontaining an additional dose of heparinase III
(0.2 U/ml). Nuclear fractions were isolated and counted in a
gamma counter. Data presented are means of triplicates�1 SD.
Similar results were observed in four separate experiments.

Fig. 4. Nuclear localization of FGF-2 is decreased in HS-
deficient CHO-ldlD cells.Wild-type (K1) and HS-reduced (ldlD)
CHO cells were plated on FN in serum-free media, 1% ITS,
with andwithout20mMgalactose and incubatedat 378C for 16h.
125I-FGF-2 (0.6 nM) was added and the cells were incubated for
an additional 6 h at 378C. Nuclear fractions were isolated and
counted in a gamma counter. Data presented are means of
triplicates� 1 SD. Similar resultswere observed in three separate
experiments.
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greater than 90% after 16 h treatment with
PMA. This rapid loss in PKCa is consistent with
previous reports demonstrating that phorbol
ester-mediated activation of PKCa triggers its
degradation via the ubiquitin-proteasome path-
way [Lu et al., 1998]. The potent down regula-
tory effects of PMA on PKCa levels suggests
that the PMA-mediated decrease in the nuclear
localization of FGF-2 might be reflective of
the loss of PKCa (Fig. 5B). Interestingly, PMA
treatment also decreased the level of nuclear
HSPG [Richardson et al., 2000].

PKC Isozymes Regulate the Nuclear
Localization of FGF-2

PKCd was shown to regulate the ability of
syndecans to activate PKCa [Murakami et al.,
2002]. To further study the role of PKC signal-
ing in the nuclear localization of FGF-2 and to
determine if specificPKC isozymes regulate this
process, we utilized pharmacological inhibitors
for various PKC isozymes. Gö 6976 selectively
inhibits Ca2þ-dependent PKC isozymes such as
PKCa [Martiny-Baron et al., 1993]; rottlerin
selectively inhibits PKCd over other isozymes
[Gschwendt et al., 1994]; and bisindolylmalei-
mide I (Bis I) selectively inhibits PKCa over
other isozymes [Wilkinson et al., 1993]. The
IC50’s for these inhibitors are presented in
Figure 6A. We pre-treated cells with various
doses of these inhibitors followed by the addi-
tion of 125I-FGF-2 and nuclear fractionation, to
elucidate the functions of specific PKC isozymes
in the nuclear localization of FGF-2. Treatment
with Gö 6976 resulted in a decrease in nuclear
FGF-2 past its IC50 concentration, suggesting
that PKCa activation may be involved in this
process (Fig. 6B). In addition, Bis I and rottlerin
inhibited the nuclear localization of FGF-2
at certain doses, which likely reflect the dif-
ferences in the IC50’s for the different PKC
isozymes. At low concentrations of Bis I, where
PKCa is selectively inhibited over PKCd,
nuclear localization of FGF-2 was decreased by
almost 50%, but as the concentration of Bis I
was increased to levels where PKCd would be
inhibited, a gradual recovery in nuclear FGF-2
was observed (Fig. 6C). In an opposite manner,
at low concentrations of rottlerin, where PKCd
is selectively inhibited over PKCa, nuclear
FGF-2 levels were not affected. As the concen-
tration of rottlerin was increased, thereby
increasing the inhibition of PKCa, a gradual
decrease in nuclear FGF-2 was observed

(Fig. 6D). Taken together, these results suggest
that the nuclear localization of FGF-2 may
involve a mechanism that requires PKCa and
is inhibited by PKCd.

Fig. 5. PMA decreases the nuclear localization of FGF-2.
Fibroblasts were plated on FN in serum-free media and in-
cubated at 378C for 16 h. A: PMA (0.1 mM) was added to cells
at the indicated times relative to introduction of 125I-FGF-2
(i.e., �1 indicates that PMA was added 1 h prior to 125I-FGF-2).
125I-FGF-2 (0.6 nM) was added at time ¼ 0 and the cells were
incubated for 6 h at 378C. Nuclear fractions were isolated
and counted in a gamma counter. Data presented are means
of triplicates � 1 SD. Similar results were observed in three
separate experiments. A linear regression analysis was run to
determine if there was a relationship between the period of
PMA treatment and nuclear FGF levels. The regression was
highly significant with F¼ 31.1, R2¼0.64, P<0.001. The re-
gression coefficient for time was �0.22 which was significantly
different than 0.0 with t¼�5.57 (P< 0.001). B: Cells were
treated with PMA (0.1 mM) for the indicated times at 378C. Cell
extracts were harvested and subjected to 8.5% SDS–PAGE
followed by Western blot with antibodies to phospho-PKCa,
total PKCa, or b-actin.
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DISCUSSION

In addition to their cell-surface interactions,
FGF-2 and other heparin-binding growth fac-
tors are becoming increasingly recognized for
their ability to modulate cellular events at the
nuclear level [JansandHassan, 1998;Keresztes
and Boonstra, 1999]. FGF-2 has been shown
to bind and activate CK2, an enzyme whose
activity in the nucleus correlates with cell
proliferation [Bonnet et al., 1996]. The role of
FGF-2 in the nucleus may be separate from its
traditional role in activating cell surface tyr-
osine kinase receptors [Bailly et al., 2000].
However, the mechanism by which FGF-2
translocates to the nucleus remains unclear,
though HSPG have been identified as potential

players [Amalric et al., 1994; Sperinde and
Nugent, 1998]. In this report, we investigated
the role of HSPG in the nuclear localization of
FGF-2. We hypothesize that HSPG function as
a shuttle to deliver FGF-2 to the nucleus and
that this process is regulated by PKC signaling.
We found that both the nuclear localization of
FGF-2 and FGF-2-stimulated cell proliferation
were increased in cells plated on FN compared
to CO, and that these processes were decreased
upon treatmentwith heparinase III.We observ-
ed that PMA treatment caused a decrease in
both FGF-2 nuclear localization and PKCa
levels. In addition, we found that treatment
with PKC isozyme-specific pharmacological in-
hibitors uncovered a potential mechanism in
which PKCamight be involved inmediating the

Fig. 6. Different PKC isozymes regulate the nuclear localiza-
tion of FGF-2. Fibroblastswere plated on FN in serum-freemedia
and incubated at 378C for 16 h. Following pre-treatment for 1 h
with increasing doses of Gö 6976 (B), Bis I (C), and rottlerin (D),
125I-FGF-2 (0.6 nM) was added and cells were incubated for
an additional 6 h at 378C. Nuclear fractions were isolated and
counted in a gamma counter. IC50 values (mM) for these isozyme-
specific PKC inhibitors are shown (A). Data presented are means
of triplicates �1 SD. Similar results were observed in three

separate experiments. Analysis of variance (ANOVA) followed
by the Newman-Keuls multiple comparison t-test was run for
each inhibitor. For all three drugs the ANOVA was significant
at P<0.05. For Gö 6976, the Newman-Keuls test shows that
dose 0.1 mM was significantly different than zero. For Bis I,
the Newman-Keuls test shows that dose 0.01 mM was signifi-
cantly different than zero. For rottlerin, the Newman-Keuls
test shows that doses 5 and 25 mM were significantly different
than zero.

Nuclear Localization of FGF-2 1221



nuclear localization of FGF-2, while PKCd in-
hibits it. Thus, in response to injury, FGF-2may
be translocated to thenucleusbyHSPGthrough
PKC signaling in order to stimulate cell pro-
liferation of HSPG-expressing cells.

The nuclear localization of FGF-2 was incre-
ased in cells plated on FN compared to those
plated on CO. Interestingly, the nuclear locali-
zation of HSPG was shown to increase in CSF
plated on FN compared to those plated on CO
[Richardson et al., 2000]. Taken together, these
results suggest that HSPG might function as a
shuttle for FGF-2 nuclear translocation. In the
cornea, the coordinated appearance of HSPG
and FN at sites of injury suggest their involve-
ment in thewoundhealing response [Murakami
and Otori, 1992; Brown et al., 1995]. One
possibility is that FN induces localized cluster-
ing of HSPG on the cell surface that activates
the nuclear localization of HSPG-FGF-2 com-
plexes, resulting in increased cell proliferation.
Interestingly, we found that FGF-2-stimulated
cell proliferation was increased in cells plated
on FN compared to CO, suggesting that the
nuclear localization of HSPG and FGF-2 are
related to cell proliferation. In addition, treat-
ment with heparinase III abrogated these
responses, indicating the requirement for
FGF-2-heparan sulfate interactions.

Treatment with heparinase III decreased the
nuclear localization of FGF-2, demonstrating
that interactions with the heparan sulfate
chains of HSPG are critical for FGF-2 nuclear
translocation. In mutant CHO cells with a
defect in the ability to properly synthesize
heparan sulfate chains, nuclear localization of
FGF-2 was decreased compared to wild-type
cells. This effect was rescued by the addition of
galactose, which restores the ability for these
mutant cells to synthesize heparan sulfate
chains. These results address two issues. First,
they contribute to the hypothesis for an HSPG-
mediated mechanism for the nuclear localiza-
tion of FGF-2. Second, they suggest that the
FGF receptor does not play a major role in this
process since CHO cells express extremely low
levels of FGF receptor, yet still retained the
ability to translocate FGF-2 to the nucleus
[Roghani and Moscatelli, 1992].

Among the cell surfaceHSPG, syndecans con-
tain conserved cytoplasmic tails that have been
implicated in initiating intracellular signaling
[Tumova and Couchman, 2000]. For example,
PKCa becomes activated upon binding to the

variable region within the cytoplasmic tail of
syndecan-4 [Oh et al., 1997b; Horowitz, 1998a;
Oh et al., 1998]. The downstream consequences
of PKCa activation are not yet understood. Our
data suggests that PKC signaling may regulate
the nuclear localization of FGF-2. Treatment
with PMA resulted in decreased nuclear locali-
zation of FGF-2. Interestingly, PMA was also
shown to decrease the nuclear localization of
HSPG [Richardson et al., 2000]. Under these
conditions, we observed that PMA downregu-
lated both activated and non-activated PKCa,
suggesting that the PMA-effect might be a
reflection of the loss of PKCa. Moreover, treat-
ment with PKC isozyme-specific pharmaco-
logical inhibitors revealed a potential mode of
regulation involving PKCa and PKCd. Treat-
mentwithGö 6976, aPKCa/b inhibitor, resulted
in a decrease in nuclear FGF-2 over concentra-
tions that border the IC50 for PKCa. Treatment
with Bis I at concentrations near its IC50 for
PKCa (0.008 mM) resulted in decreased nuclear
accumulation of FGF-2. However, treatment
with increasing concentrations of Bis I re-
sulted in a gradual recovery of nuclear FGF-2,
suggesting that as other PKC isozymes, such
as PKCd (IC50¼ 0.21 mM), became inhibited,
nuclear localization of FGF-2 was restored.
Conversely, treatment with low concentrations
of rottlerin, where PKCd is primarily being
inhibited (IC50¼ 4.5 mM), nuclear localization of
FGF-2 seemed unaffected. However, treatment
with increasing concentrations of rottlerin,
where other PKC isozymes, such as PKCa
(IC50¼ 30 mM), would be expected to be inhib-
ited, resulted in a gradual decrease in FGF-2
nuclear localization. Taken together, these re-
sults suggest a mechanism in which PKCa is
involved inmediating thenuclear localization of
FGF-2, while PKCd possibly inhibits it. How-
ever, it is important to note that none of the
inhibitors showed greater than 50% inhibition
of nuclear FGF-2 levels suggesting that while
PKC signaling is likely involved, the process
may also involve additional pathways. Relating
to a possible mechanism for PKC action in this
process, PKCd was shown to phosphorylate a
site within the variable region of syndecan-4,
resulting in the inhibition of PKCa binding and
subsequent activation [Murakami et al., 2002].
Thus, phosphorylation by PKCd might mark
syndecan-4 for cell surface retention, while
dephosphorylation and PKCa activation might
provide signals for endocytosis and nuclear
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translocation. Furthermore, FN increases the
production of phosphatidylinositol-4,5-bisphos-
phate, which is required for the binding and
subsequent activation of PKCa by syndecan-4
[McNamee et al., 1993; Horowitz et al., 1999].
This could participate in the increased nuclear
localization of FGF-2 in cells plated on FN.
Understanding the processes involved in

wound healing could lead to the development
of treatment strategies for diseases involving
improper tissue repair, such as blindness re-
sulting from corneal scarring. One of these
processes could be the HSPG-mediated nuclear
localization of cellular regulatory proteins such
as FGF-2. It is possible that this process is
reflective of a general mechanism whereby
other heparin-binding growth factors are trans-
ported from the extracellular environment to
the nucleus. Even more intriguing is the pos-
sibility that HSPG itself might be directly
involved in modulating cellular events in the
nucleus. Accumulating evidence suggests that
theappearanceofheparansulfate inthenucleus
may directly regulate proliferative processes
[Fedarko et al., 1989; Rykova and Grigorieva,
1998; Cheng et al., 2001]. Moreover, these
effects could play a role in a number of patho-
logies such as in the growth of malignant
tumors [Liu et al., 2002a,b], adding a new target
to the list for potential cancer treatment
strategies.
The ability for heparan sulfate to modulate

nuclear processes lies in its complex structure.
Chain length and multiple sites for acetylation
and sulfation allow HSPG to achieve an enor-
mous degree of variation in structure, which in
turn, could lead to specific interactions with a
multitude of nuclear proteins [Shriver et al.,
2002]. For example, heparin, similar in struc-
ture to heparan sulfate, has been shown to
inhibit CK2 activity [Hathaway et al., 1980;
O’Farrell et al., 1999].Heparan sulfate has been
shown to inhibit DNA topoisomerase I activity
[Kovalszky et al., 1998]. Interestingly, these
findings might be related, as it has been shown
that CK2 and DNA topoisomerase II associate
in an active complex [Bojanowski et al., 1993].
Thus, heparan sulfatemay inhibit CK2activity,
thereby inhibiting activation of DNA topoi-
somerases. In addition, HSPGhave been shown
to bind nucleosomes and participate in chroma-
tin clearance [DuClos et al., 1999;Watson et al.,
1999]. Potentially, the polyanionic nature of
heparan sulfate chains could allow them to in-

teract with positively charged lysine groups of
histones. These interactions have the potential
to impact acetylation processes since acetyla-
tion involves themodification of lysine residues.
Therefore, heparan sulfate–histone interactions
could ultimately impact gene transcription
[Gregory et al., 2001].

Our results suggest that the HSPG-mediated
nuclear localization of FGF-2 is regulated by
PKC signaling and is part of the wound healing
response in the corneal stroma.We hypothesize
that the activation of PKCa through the cyto-
plasmic domain of syndecan-4 is assisted by the
interaction of FNwith HSPG on the cell surface
leading to the nuclear localization of HSPG
along with heparan sulfate-bound factors such
as FGF-2. Thus, through interactions with
heparan sulfate chains, FGF-2 is translocated
to the nucleus, where itmight directly influence
cell proliferation by interacting with tran-
scriptional regulators, such as CK2. Further
elucidation of the roles of nuclear HSPG would
greatly advance the development of effective
approaches to treat wound-healing disorders.
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