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PTH-related protein (PTHrP) was first discovered
as a circulating factor secreted by certain cancers
and is responsible for the syndrome of humoral
hypercalcemia of malignancy induced by various
tumors. The similarity of its N terminus to that of
PTH enables PTHrP to share the signaling proper-
ties of PTH, but the rest of the molecule possesses
distinct functions, including a role in the nucleus/
nucleolus in reducing apoptosis and enhancing
cell proliferation. PTHrP nuclear import is medi-
ated by importin �1. In this study we use the tech-
nique of fluorescence recovery after photobleach-
ing to demonstrate the ability of PTHrP to shuttle
between cytoplasm and nucleus and to visualize
directly the transport of PTHrP into the nucleus in
living cells. Endogenous and transfected PTHrP

was demonstrated to colocalize with microtubule
structures in situ using various high-resolution mi-
croscopic approaches, as well as in in vitro binding
studies, where importin �1, but not importin �,
enhanced the microtubular association of PTHrP
with microtubules. Significantly, the dependence
of PTHrP nuclear import on microtubules was
shown by the inhibitory effect of pretreatment with
the microtubule-disrupting agent nocodazole on
nuclear-cytoplasmic flux. These results indicate
that PTHrP nuclear/nucleolar import is dependent
on microtubule integrity and are consistent with a
direct role for the cytoskeleton in protein transport to
the nucleus. (Molecular Endocrinology 16: 390–401,
2002)

CONVENTIONAL NUCLEAR LOCALIZATION se-
quence (NLS)-mediated nuclear protein import

initially involves the recognition of NLS-bearing pro-
teins by the importin �/�1 heterodimer, followed by
the docking of the complex to the nuclear pore and
energy-dependent translocation into the nucleus me-
diated by the monomeric GTP-binding protein Ran
and regulatory factors (1–3). Recent progress sug-
gests a plethora of additional but analogous Ran-
dependent nuclear transport pathways mediated by
homologs of importin �1 (4–8), with the latter itself able
to recognize particular nuclear transport substrates.
These include the T cell protein tyrosine phosphatase
(9), the yeast transcription factor GAL4 (10), the viral
gene products Rev (11, 12) and Rex (13) of human
immunodeficiency virus-1 and the human T cell leu-
kemia virus-1, respectively, cyclin B1 (14), and the
polypeptide ligand PTH-related protein (PTHrP) (15).

PTHrP was initially discovered as a circulating factor
secreted by certain cancers and is responsible for the

syndrome of humoral hypercalcemia of malignancy
(16). In normal postnatal mammals, PTHrP has not
been shown to function as a hormone but is expressed
in many normal tissues where it exerts autocrine/para-
crine or intracrine actions (16–21). Resemblance to
PTH at the amino terminus is sufficient to confer func-
tions similar to those of PTH, which are mediated by
the shared PTH/PTHrP receptor and adenylate cy-
clase activation, such as the promotion of bone re-
sorption and reduction of renal calcium excretion (16,
22). Other roles, such as the regulation of placental
calcium transport to the fetus (16, 22, 23), osteoclast
inhibition (24), and the control of cell growth and ap-
optosis (17, 25), have been ascribed to distinct regions
of PTHrP.

Apart from being expressed in a cell cycle-depen-
dent manner (26, 27), PTHrP localizes conditionally to
the nucleus/nucleolus at G1 (28) with regulation of
PTHrP subcellular localization mediated through
phosphorylation by the cyclin-dependent kinases
p33cdk2 and p34cdc2. A key phosphorylation site in
regulating PTHrP nuclear localization appears to be
T85 (28), in the vicinity of an SV40 large T antigen-like
NLS (PGKKKKGK93). Intriguingly, PTHrP amino acids
67–94, comprising this NLS and amino-terminal flank-

Abbreviations: CLSM, Confocal laser scanning microsco-
py; FRAP, fluorescence recovery after photobleaching; GFP,
green fluorescent protein; GST, glutathione-S-transferase;
NLS, nuclear localization sequence; PTHrP, PTH-related
protein.
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ing regions, are recognized with nanomolar affinity by
the nuclear transport factor importin �1 rather than by
the conventional NLS-binding importin � subunit (15),
and PTHrP nuclear import in vitro is able to be medi-
ated by importin �1 and the monomeric GTP-binding
protein Ran in the absence of importin �. The impor-
tance of this nuclear import pathway is indicated by
the fact that deletion of the basic residues of the NLS
results in complete cytoplasmic localization of PTHrP
and concomitant impaired PTHrP-conferred resis-
tance to apoptosis on the part of transfected CFK2
chondrocytes (17). Nuclear PTHrP correlates with an
increase in mitogenesis in vascular smooth muscle
cells (20) and enhanced IL-8 expression in prostate
cancer cells (29). Nuclear/nucleolar uptake of PTHrP is
also observed subsequent to internalization of extra-
cellular ligand by osteogenic sarcoma cells expressing
the shared PTH/PTHrP receptor (PTH1R) (15).

In the present study, we examine nuclear transport
of PTHrP in living cells using a PTHrP-green fluores-
cent protein (GFP) fusion protein and the technique of
fluorescence recovery after photobleaching (FRAP).
We show that PTHrP can shuttle in both directions
between cytoplasm and nucleus and can resolve the
nuclear import process temporally. We demonstrate
PTHrP association with �-tubulin in situ using several
microscopic approaches, as well as in vitro, using
taxol-polymerized microtubules where, intriguingly,
binding of PTHrP was enhanced in the presence
of importin �1. Importantly, cells pretreated with the
microtubule-disrupting agent nocodazole show signif-
icantly reduced fractional return of nuclear and nucle-
olar fluorescence in FRAP experiments, indicating that
PTHrP nuclear/nucleolar transport is dependent on
microtubule integrity.

RESULTS

FRAP to Study Nuclear-Cytoplasmic Flux

To characterize the intracellular localization and trans-
port of PTHrP in living cells, a plasmid (pSMR792) was
constructed for expression of a GFP-PTHrP (amino
acids 1–141) fusion protein (GFP-PTHrP, approxi-
mately 45 kDa) lacking the prepro region (�36 to �1)
to prevent secretion of the molecule (15); this form is
comparable to the nonsecreted form of PTHrP gener-
ated through an alternate transcriptional start site (30).
Forty-eight hours after transfection, subconfluent
UMR 106.01 osteogenic sarcoma cells consistently
showed nuclear/nucleolar as well as cytoplasmic lo-
calization of GFP-PTHrP when visualized by confocal
laser scanning microscopy [CLSM (Fig. 1A, top left
panel)]. The steady state level of accumulation within
the nucleus (Fn/c) and nucleolus (Fnu/c) relative to the
cytoplasm was 5.54 � 1.0 and 6.92 � 1.29 (n � 20),
respectively. In contrast, analysis of a control con-
struct of GFP alone [27 kDa (Fig. 1A, bottom left panel)]
yielded a nuclear to cytoplasmic fluorescence ratio

(Fn/c) of 1.13 � 0.04 (n � 5), indicative of equilibration
of the protein between nuclear and cytoplasmic com-
partments through simple diffusion.

To compare intracellular movement of GFP-PTHrP
to that of GFP as a control, the nucleus of the cell was
bleached using the confocal laser at high energy, and
the return of fluorescence was then monitored at lower
laser energy every 20 sec for up to about 8 min. The
recovery of fluorescence to the nucleus/nucleolus of
GFP-PTHrP and GFP through transport from the cy-
toplasm, after the initial pre-/postbleach images is
shown in Fig. 1A. Representative quantitative data are
shown in Fig. 1B, indicating that the average fractional
return of PTHrP to the nucleus and nucleolus was
52.6 � 3.1 and 61.4 � 4.1% (n � 19), respectively,
with t1/2 values of 21.6 � 3.1 and 23.8 � 3.4 sec (n �
19), respectively. When photobleaching of a volume of
the cytoplasm equivalent to that in the bleach of the
nucleus was performed, fluorescence due to GFP-
PTHrP was observed to relocate to the cytoplasm with
a consequent fall in nuclear and nucleolar fluores-
cence (data not shown); the rate of export from the
nucleus was about 3-fold slower than that of nuclear
import (see also Ref. 42). Experiments on cells ex-
pressing GFP alone (e.g. Fig. 1B, bottom panels) indi-
cated almost 5-fold slower rates of return of nuclear
fluorescence (t1/2 of 106 � 8.3, n � 3), representing
the difference between simple diffusion (GFP) and
NLS-facilitated transport (GFP-PTHrP). Together,
these data imply that PTHrP fluxes continuously be-
tween the nucleus and cytoplasm, with transport in the
import direction being faster (42).

Localization of PTHrP to the
Microtubule Network

Although we have previously observed colocalization
of PTHrP with cytoskeletal structures, we had not
been able to demonstrate colocalization with actin
filaments (28). Accordingly, we used high-resolution
fluorescence imaging using two-photon laser excita-
tion (31) to re-examine GFP-PTHrP subcellular local-
ization, results clearly indicating that, in addition to
predominant nucleolar and nuclear localization, cyto-
plasmic PTHrP was observed associated with distinct
filamentous structures (Fig. 2). Because two-photon
excitation is not ideally suited to colocalization stud-
ies, we used more conventional CLSM and coimmun-
ofluorescence to determine whether the filamentous
structures with which PTHrP appeared to associate
were microtubules. Coimmunofluorescence of endog-
enous PTHrP and microtubules (Fig. 3A), as well as
colocalization of GFP-PTHrP expressed in transiently
transfected cells with microtubules detected using an
anti-�-tubulin antibody and Texas Red-labeled sec-
ondary antibody (Fig. 3B), was performed; results from
both approaches supported the idea that PTHrP co-
localized with microtubules. Predominant PTHrP lo-
calization in the nucleus/nucleolus was evident, as
was the localization of cytoplasmic PTHrP to filamen-
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Fig. 1. Results for FRAP of UMR 106.01 Cells Expressing GFP-PTHrP or GFP Alone
A, Visualization using CLSM of the recovery with time of fluorescence into the nucleus after photobleaching, performed as

described in Materials and Methods, for GFP-PTHrP (top) and GFP (bottom). A movie of the former experiment is available at
http://jcsmr.anu.edu.au/dbmb/jans/lam/frap/ (Fig.1.avi). B, Quantitation of the recovery with time of fluorescence into the nucleus/
nucleolus after photobleaching for GFP-PTHrP (top panels) or GFP (bottom panels) expressed in terms of specific nuclear (Fn)
or nucleolar (Fnu) fluorescence (left panels), or fractional recovery of Fn, Fnu, or Fc (cytoplasmic fluorescence) (right panels).
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tous, microtubule-like structures (Fig. 3); colocaliza-
tion with �-tubulin was clearly evident when green and
red channel images were merged (Fig. 3, right panels).
Studies (Fig. 3B, middle panels) performed using cells
pretreated with nocodazole, a specific microtubule-
disrupting agent that binds to microtubule subunits
and prevents heterodimers from repolymerizing, indi-
cated that concomitant with the disruption of micro-
tubule structure, filamentous localization of cytoplas-
mic GFP-PTHrP was absent (Fig. 3B; middle panels);
limited colocalization in the GFP/Texas Red-merged
image (not in filaments; Fig. 3B, middle right panel)
was observed, consistent with the association of
PTHrP with depolymerized �-tubulin. Control experi-
ments using cells transfected to express GFP (Fig. 3B,
bottom panels) indicated a lack of filamentous struc-
ture localization and lack of colocalization with �-
tubulin (Fig. 3B, bottom right panel); thus, these results
strongly implicated the specific nature of PTHrP asso-
ciation with microtubules.

To confirm these observations, transiently trans-
fected GFP-PTHrP expressing UMR 106.01 cells
were microinjected with rhodamine-labeled tubulin.
Forty five minutes after injection, cells that had
formed rhodamine-labeled microtubules were sub-
jected to FRAP analysis, and both GFP-PTHrP and
rhodamine-labeled microtubules were visualized
through separate channels on a CLSM (Fig. 4A).
Quantitation of GFP-PTHrP nuclear import in these
cells showed no difference in the rate or extent
of transport between microinjected and nonmicro-
injected cells, indicating that the cells were not dam-
aged during the microinjection procedure (Fig. 4B).
There was no rhodamine-tubulin in the nuclei of
these cells and no movement of rhodamine-tubulin
into the nucleus for the duration of the experiment
(Fig. 4B). As expected, not all the microinjected
rhodamine-tubulin was assembled into microtu-

bules, but careful analysis of the cytoplasm (high-
lighted by the white arrows in Fig. 4A, i and ii)
revealed that GFP-PTHrP colocalized with rhodam-
ine-labeled microtubules (yellow in the merged im-
ages); in some cases, it was possible to discern the
movement of PTHrP (seen as yellow spots) along the
microtubules toward the nucleus during the course
of the experiment (data not shown).

Association of PTHrP to the Microtubule Network
Is Enhanced in the Presence of Importin �1

It has previously been shown that plant importin � is
able to interact with microtubules in an NLS-depen-
dent fashion (32). To test whether a similar mecha-
nism might operate in a mammalian system for the
importin �1-mediated import substrate PTHrP, a mi-
crotubule association assay was used. Taxol-
assisted microtubule formation was performed in
vitro, followed by the addition of combinations of
PTHrP, importins, and UMR106.01 total cell lysate,
followed by incubation for 30 min. The microtubule/
protein mixtures were then spun through a glycerol
gradient, and the resulting microtubule pellet was
analyzed for the presence of PTHrP by SDS-PAGE
and Western blotting (Fig. 5). First, exogenously
added PTHrP was found to associate with microtu-
bules in the presence of total cell lysate, which
contained all the necessary components for nuclear
import (Fig. 5A, lane 3), with endogenous PTHrP in
the cell lysate also found to associate with the mi-
crotubules (Fig. 5A, lane 2). Addition of recombinant
importin �1 caused the strongest association of
PTHrP to the microtubules (Fig. 5A, lane 7). As neg-
ative controls, cell lysate or protein alone (not mixed
with preformed microtubules) was spun through the
glycerol cushion and analyzed by Western blotting.
PTHrP alone (Fig. 5A, lane 10) or in cell lysates (Fig.
5A, lane 9) did not pellet through the glycerol cush-
ion; nor did importin � or �1 (Fig. 5A, lanes 12 and
11, respectively). Whole-cell lysate run on the same
blot (Fig. 5A, lane 13) demonstrated functionality of
the anti-PTHrP antibody.

To test whether PTHrP alone could bind to micro-
tubules in the absence of cell lysate, recombinant
PTHrP was added (Fig. 5B, lane 1), its microtubular
association being enhanced about 2-fold in the pres-
ence of importin �1 (Fig. 5B, lane 2, and Fig. 5D);
microtubular association of importin �1 could also be
detected (data not shown). In support of its specific
requirement for importin �1, and not importin �, for
nuclear import (15), addition of importin � did not
enhance but rather decreased microtubular associa-
tion of PTHrP more than 3-fold (Fig. 5B, lane 3, and
Fig. 5D). These results indicated that PTHrP associ-
ates directly with microtubules, with importin �1 able
to enhance this process.

Fig. 2. Visualization of Subcellular Localization of GFP-
PTHrP in UMR 106.01 Transfected Cells Using Two-Photon
Excitation (100� Objective)

Imaging was performed as described in Materials and
Methods section.
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Microtubule Integrity Is Essential for PTHrP
Nuclear Import

To test directly whether an intact microtubule network
is necessary for nuclear import of PTHrP, transiently
transfected cells expressing GFP-PTHrP were pre-
treated for 60 min with nocodazole, and PTHrP sub-
cellular localization examined by CLSM. Steady state
analysis revealed increased levels of nuclear/nucleolar
GFP-PTHrP in the treated cells compared with con-
trols (data not shown), indicating reduced nucleocyto-
plasmic flux for PTHrP. FRAP experiments indicated
that nocodazole pretreatment reduced the extent of
the return of nuclear/nucleolar fluorescence after pho-
tobleaching (29.8 � 2.1 and 34.8 � 3.2%, n � 20, for
nucleus and nucleolus, respectively; Fig. 6, A and B,
and Fig. 7) significantly (P � 0.0001) compared with
untreated cells (52.6 � 3.1 and 61.4 � 4.1%, n � 19,
for nucleus and nucleolus, respectively; Fig. 6, A and B
and Fig. 7). The t1/2 of fluorescence recovery was

markedly longer (t1/2 of 37.8 � 7.2 and 42.2 � 7.6 sec,
n � 19, for nuclear and nucleolar fluorescence, re-
spectively) when compared with that of untreated cells
(Fig. 7). Similar results were obtained after 24-h treat-
ment with nocodazole (results not shown). Taken to-
gether, the results from Figs. 4–7 clearly imply a role
for the cytoskeleton and, in particular, the microtubule
network in transporting PTHrP toward the nucleus.

DISCUSSION

The technique of FRAP has been used extensively in
biological systems to study the lateral mobility of pro-
teins within the plasma membrane (33–37), the nuclear
membrane (38), or within organelles (39). In terms of
nuclear transport, FRAP had been used together with
fluorescent dextrans to determine the diffusion size
limit across the nuclear pore complex (40) as well as to

Fig. 3. Colocalization of Endogenous and Transfected PTHrP with Microtubules
A, Immunolocalization of endogenous PTHrP in UMR 106.01 cells was performed using a rabbit anti-PTHrP antibody (Oregon

Green-labeled secondary antibody), whereas �-tubulin was detected by immunolocalization using a mouse anti-�-tubulin
antibody (rhodamine-labeled secondary antibody). PTHrP (green) is shown in the left panel, �-tubulin (red) in the middle panel,
and merged images on the right with colocalization in yellow. Magnification, 2,500�. B, UMR 106.01 cells transfected with
GFP-PTHrP (top and middle panels) or GFP (bottom panels) were left untreated (top and bottom panels), or treated with 10 �g/ml
nocodazole for 1 h (middle). �-Tubulin was detected by immunolocalization using a mouse anti-�-tubulin antibody (rhodamine-
labeled secondary antibody). PTHrP-GFP (green) is shown in the center panels, �-tubulin (red) in the left panels, and merged
images on the right with colocalization in yellow. Magnification, 1,200�.
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assess the lateral mobility of nuclear import substrates
in the nuclear or cytoplasmic compartments (41). In
this study, we use FRAP in conjunction with a GFP-
fusion protein for the first time as a means of studying,

in living cells, the nucleocytoplasmic flux of a protein
for which the nuclear transport mechanism has been
delineated (15). This approach has the advantage over
conventional nuclear transport assays in that 1) cells

Fig. 4. Visualization of GFP-PTHrP on Rhodamine-Labeled Microtubules in Living Cells Using FRAP
A, UMR 106.01 cells transfected with GFP-PTHrP were microinjected with rhodamine-labeled tubulin and returned to tissue

culture for 45 min to enable incorporation into microtubules. Cells were then photobleached (bleach area indicated by the black
arrow), with the nuclear and nucleolar import visualized (i) as described in the legend to Fig. 1; a movie of this experiment is
available at http://jcsmr.anu.edu.au/dbmb/jans/lam/frap/ (Fig.4i.avi ), with (ii) showing separate channel images of a detail of the
same cell, where green and red channels are the top and middle series of panels, respectively, and the merged image is shown
in the bottom panels. Colocalization of GFP-PTHrP and tubulin (yellow spots indicating green and red colocalization) is evident
along microtubules (red); white arrows highlight PTHrP (yellow dots) on microtubules; a movie of this is available at http://
jcsmr.anu.edu.au/dbmb/jans/lam/frap/ (Fig.4ii.avi). B, Quantitation of the kinetics of return of fluorescence of GFP-PTHrP into the
nucleus and nucleolus after photobleaching (left panel), performed as described in the legend to Fig. 1. No movement (no increase
in Fn and no decrease in Fc) of rhodamine-tubulin into the nucleus is observed (right panel).
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are not physically damaged by microinjection, deter-
gent, or mechanical perforation, and 2) that proteins
are expressed intracellularly and hence do not have to
be introduced exogenously, which allows for the study
of their nuclear transport in as physiological a context
as possible. The technique is quantitative, enables
actual nuclear transport rates to be determined, and
permits temporal resolution of the nuclear import pro-
cess in intact living cells.

The present results suggest that under normal con-
ditions, PTHrP is able to cycle between the nucleus
and cytoplasm via the nuclear pore complex. Although
nuclear import is mediated by importin �1, based on
previous work (15), export of PTHrP is leptomycin B
sensitive, implying involvement of the nuclear export
receptor CRM1 (42). PTHrP association with cytoskel-
etal elements has recently been reported (30), and, as
shown here for the first time, microtubule integrity
clearly plays an important role in PTHrP nuclear im-
port; whether the integral role of the microtubule net-
work in PTHrP nuclear transport relates directly to the
role of importin �1, as opposed to that of the importin

�/�1 heterodimer in conventional NLS-dependent nu-
clear protein import, is unclear. The role of microtu-
bules in PTHrP subcellular localization is indicated by
the demonstration of colocalization with �-tubulin, the
direct visualization of GFP-PTHrP on rhodamine-
labeled microtubules after FRAP, and the fact that the
microtubule-disrupting agent nocodazole alters the
steady state level of PTHrP nuclear/nucleolar accumu-
lation and its nucleocytoplasmic flux. Further, we
show that PTHrP is able to bind to in vitro polymerized
microtubules and that this association is enhanced
by importin �1. We have also detected PTHrP in
microtubule preparations from mouse brain, testis,
and UMR 106.01 cells (data not shown); signifi-
cantly, importin �1 was also detected in all of these
preparations.

Interestingly, the conventional NLS-binding importin
� subunit has been shown to associate with microtu-
bules/microfilaments in mammalian cells (43) and to-
bacco protoplasts (32), as well as with microtubules in
vitro in an NLS-dependent manner, whereas yeast
importin � has also been reported to bind directly to

Fig. 5. PTHrP Associates with Microtubules, and Its Association Is Enhanced by Importin �1
Microtubule association was determined by the ability of PTHrP to pellet with the microtubules through a 60% glycerol cushion.

The resulting microtubule pellets were analyzed by SDS-PAGE, blotted on a nitrocellulose membrane, and probed using an
anti-PTHrP antibody and horseradish peroxidase-coupled secondary antibody, developed using enhanced chemiluminescence,
and imaged using a cooled charge-coupled device camera (see Materials and Methods). For control experiments, proteins that
were not incubated with taxol-stabilized microtubules were subjected to the same protocol as above (lanes 10–12). Microtubules
formed in the presence of taxol were incubated in the presence (A) or absence (B) of UMR106.01 cell lysate with combinations
of exogenously added PTHrP, importin �1, and importin � (as indicated below each lane). As controls, PTHrP, importin �1, and
importin � were also added to glycerol cushions and spun (panel A, lanes 9–12). Whole-cell lysates from UMR 106.01 cells (no
centrifugation through a glycerol cushion) were used to test the efficacy of the antibody (panel A, lane 13). C, Quantification of
data shown in A (lanes 1–8; left panel) using ImageGauge software (Fuji Photo Film Co., Ltd.). D, Quantification of data shown
in panel B.
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the actin-related protein Act2p (44). Microtubule/
microfilament association of armadillo repeat-contain-
ing proteins, such as catenins and Vac8p (involved in
vacuolar protein targeting), has also been reported (32,
45). In the case of several viruses, nuclear import
appears to be negatively regulated by association with
the actin cytoskeleton (46) or to involve movement
along microtubule filaments (47) in analogous fashion
to our observations here for PTHrP. Our finding that
PTHrP binding to microtubules is enhanced by the
presence of its NLS receptor importin �1 is compara-
ble to the NLS-dependent association of plant impor-
tin � with microtubules. The close relationship of nu-
clear import pathways with cytoskeletal components
(see Ref. 48) thus may be a general phenomenon of
mechanistic importance. The differences in the re-
quirements of individual substrate/importin complexes
in terms of binding to microtubules indicate the pres-
ence of highly selective mechanisms in transport
toward the nuclear pore complex for different NLS-
bearing substrates. Intriguingly, preliminary results for
FRAP experiments (our unpublished data) on conflu-
ent (stationary phase) cells (as opposed to the sub-
confluent cells exclusively analyzed in this study) are
comparable to those for nocodazole-treated cells in
terms of a reduced rate of nuclear import and low

fractional return of nuclear and nucleolar fluorescence,
implying that the importin �1-PTHrP complex interac-
tion with the cytoskeleton may be modulated differen-
tially during cell growth and the cell cycle. The extent
to which cell cycle-related phosphorylation at T85 of
PTHrP (28) may play a role in this is currently being
examined.

Although clearly implicated in delaying apoptosis
(17) and promoting proliferation (20) in certain cell
types, the precise role of PTHrP in the nucleus/nucle-
olus (49, 50) remains unclear. Poly (G) RNA binding on
the part of PTHrP has recently been reported (51),
pointing to a possible role of PTHrP, perhaps in con-
junction with other proteins, as a nuclear export factor
for RNA, consistent with its ability, as shown here, to
shuttle between nuclear/nucleolar and cytoplasmic
compartments (see above). We have recently shown
that treatment of GFP-PTHrP-expressing cells with the
RNA-polymerase inhibitor actinomycin D inhibits as-
sociation of PTHrP with the nucleolus (data not
shown), providing further evidence for a role of PTHrP
in RNA transport and/or regulation thereof. RNA bind-
ing on the part of PTHrP may also contribute to its
cytoskeletal association, since a large part of cyto-
plasmic mRNA appears associated with cytoskeletal
elements (52, 53), and nuclear proteins such as the

Fig. 6. Results for FRAP Experiments in Untreated and Nocodazole-Treated UMR106.01 Cells Expressing GFP-PTHrP
A, Visualization of the return of fluorescence after photobleaching in control and nocodazole-treated (� Noc) cells. A movie of

this experiment is available at http://jcsmr.anu.edu.au/dbmb/jans/lam/frap/ (Fig.6.avi). B, Quantitative analysis from panel A.
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mRNA binding protein mrnp41 (52) and Cbf5p, a yeast
nucleolar protein that regulates rRNA synthesis (53),
have also been demonstrated to associate with the
cytoskeleton.

PTHrP was originally discovered as a factor respon-
sible for the syndrome of humoral hypercalcemia of
malignancy, with its role as a growth/malignancy fac-
tor being implicated by a number of observations (16);
MCF-7 and MDA-MD-231 breast cancer cell lines
made to overexpress PTHrP, for example, possess
increased tumorigenic capacity and metastatic poten-
tial (56, 57). The fact (see above) that PTHrP nuclear
localization is integral to its function implies that strat-
egies to block PTHrP nuclear localization in cancers

overexpressing it could lead to, at least potentially,
increased apoptosis and hence reduced tumorigenic
potential. The present results, with respect to cy-
toskeletal and cell cycle control over PTHrP nuclear-
cytoplasmic flux, thus may have important application
in anticancer therapies, which is the focus of future
work in this laboratory.

MATERIALS AND METHODS

Tissue Culture

UMR106.01 rat osteosarcoma cells (56) were maintained in
�-MEM supplemented with 10% FBS, at 37 C in 5% C02
atmosphere.

GFP-PTHrP Fusion Protein Expression Construct

A plasmid expressing GFP fused to the amino terminus of
PTHrP(1–141) was generated using oligonucleotide primers
as previously described (28). For control experiments in
which GFP was analyzed alone, the pEGFP-C1 plasmid
(CLONTECH Laboratories, Inc., Palo Alto, CA) was used.

Transfection and Photobleaching Experiments

UMR106.01 cells were passaged onto 22-mm diameter
round coverslips for 2 d and then transfected with the GFP-
PTHrP-expressing construct using LipofectAMINE (Life
Technologies, Inc., Gaithersburg, MD; Ref. 57). Forty eight
hours after transfection, the cells were transferred into an
open-perfusion microincubator cell chamber (PDMI-2, Med-
ical Systems Corp., Greenvale, NY) and maintained at 37 C in
phenol red-free �-modified Eagles medium. GFP-PTHrP ex-
pressing cells were identified using CLSM (Bio-Rad MRC-
1024; Bio-Rad Microscience, Hemel Hempstead, UK). The
CLSM was equipped with a multiline 15-mW Krypton/Argon
laser, which allowed for a maximum illumination intensity of
approximately 0.3 mW at the point of focus. The cells were
visualized (�1.5, zoom; �100, oil immersion lens) by illumi-
nation with 10–30% total laser power with excitation at 488
nm. One image (five scans in Kalman mode) was collected
before photobleaching, after which an area covering at least
50% of the nucleus was selected by zooming 20-fold. This
area was then bleached by removing all barrier filters on the
laser to allow for maximum illumination of the area selected
for 10 scans (in 8 sec); this did not result in cell death as
determined by monitoring the uptake of propidium iodide
(data not shown). Images of cells were collected 20 sec after
photobleaching, and subsequent images were acquired at
20-sec intervals for about 500 sec using detector and laser
settings identical with those used before photobleaching.
Because PTHrP binds to nuclear components (15), lateral
diffusion from the nonbleached area of the nucleus was as-
sumed to contribute minimally to the return of fluorescence,
which was not monitored before 20 sec after photobleaching
to avoid this rapid diffusive component; similar approaches
have been used and validated with respect to FRAP experi-
ments and the nucleus (39, 40, 60–62). For some experi-
ments, cells were treated with 10 �g/ml nocodazole (Sigma,
St. Louis, MO) for 60 min before experimentation. Image
analysis was performed using the NIH Image software as
described previously (10, 15); autofluorescence was quanti-
tated and subtracted from all other values (Fn, nuclear fluo-
rescence; Fnu, nucleolar fluorescence; Fc, cytoplasmic fluo-
rescence). Fn/c and Fnu/c are the nuclear and nucleolar to
cytoplasmic ratios, respectively. FRAP data to calculate the

Fig. 7. Pooled Data for the Fractional (A) and Half-Maximal
(B) Return of Nuclear and Nucleolar Fluorescence of GFP-
PTHrP Subsequent to Nuclear Photobleaching

Values for the maximal fractional return of nuclear fluor-
escence (Fn500 sec/Fnprebleach) and nucleolus (Fnu500 sec/
Fnuprebleach) (top) and time in seconds for half-maximal return
(t1/2) (bottom) are shown for untreated and nocodazole-
treated cells. * Represents a signifiant (P � 0.0001) difference
between nocodazole-treated and untreated cells.
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fractional return of specific fluorescence and t1/2 for the return
of fluorescence was fitted exponentially as described previ-
ously (33, 34, 39, 40).

Two-Photon Excitation Microscopy

High-resolution imaging using two-photon excitation to de-
termine GFP-PTHrP subcellular localization was performed
using a Fluoview Confocal Scan system (Olympus Corp.,
Lake Success, NY) coupled to an Olympus Corp. IX70 Mi-
croscope with excitation from a Tsunami/Verdi femtosecond
pulsed laser (Spectra-Physics, Mountain View, CA) at 900 nm
(31) using a �100 oil objective.

Microinjection

GFP-PTHrP-expressing UMR 106.01 cells grown on cover-
slips were microinjected with rhodamine-labeled tubulin (Cy-
toskeleton, Denver, CO) using a Narshige IM-200 (Narshige,
Tokyo, Japan) microinjector as previously described (63). The
injected cells were returned to tissue culture for 45 min and
then assessed for microtubule formation by CLSM followed
by analysis for GFP-PTHrP movement by FRAP as above.

Immunofluorescence

UMR106.01 cells grown on glass coverslips were transfected
with the GFP-PTHrP-expressing construct using Lipo-
fectAMINE and allowed to express the protein for 24 h. Cells
were then left untreated or treated with 10 �g/ml nocodazole
for a further 24 h and then fixed with dithiobis succinimidyl
propionate (Pierce Chemical Co., Rockford, IL) at 1 mM (in
PBS) for 30 min at 37 C, incubated for 5 min with stop
solution (0.5% Triton X-100, 1 mM EDTA, 4% polyethylene
glycol 6000 in serum-free DMEM), and then incubated for 15
min in 3.2% paraformaldehyde in PBS, pH 7.4, for 15 min at
21 C. The fixed cells were permeabilized and preblocked in
0.1% (wt/vol) BSA and 0.3% (vol/vol) Triton X-100 in PBS for
1 h before incubation with anti-�-tubulin antibody (Roche
Molecular Biochemicals, Castle Hill, New South Wales, Aus-
tralia) overnight at 4 C, followed by a 1-h incubation (21 C)
with Texas Red-X-conjugated secondary antibody (Molecular
Probes, Inc., Eugene, OR) and mounting with antifade solu-
tion (DAKO Corp., Glostrup, Denmark). To colocalize endog-
enous PTHrP with tubulin, cells were fixed and permeabilized
as described above, then coincubated with a polyclonal rab-
bit anti-PTHrP antibody (R87) specific for the amino terminus
(amino acids 1–34) of the molecule together with the anti-�-
tubulin antibody, followed by hybridization with Oregon
Green-conjugated anti-rabbit and Texas Red-X antimouse
conjugated secondary antibodies. Imaging was performed
using CLSM. The red and green channels were collected
individually to prevent bleed-through of fluorescence, al-
though the iris settings were set such that uniform confocality
was achieved. Images were merged using Confocal Assistant
(Bio-Rad version 4.02) and prepared for presentation in Corel
Photopaint 8 (Corel Corp.).

Protein Expression and Purification

Recombinant PTHrP(1–108) was expressed and purified as
previously described (64). Glutathione S-transferase (GST)-
tagged mouse importin �1 (PTAC58) and GST-tagged mouse
importin �1 (PTAC97) were expressed and purified as previ-
ously described (65).

Microtubule Association Assays

To polymerize microtubules, 100 �M bovine brain tubulin, in
the form of 33% rhodamine-labeled tubulin and 66% unla-

beled tubulin made up in general tubulin buffer [80 mM

piperazine-N,N�-bis(2-ethanesulfonic acid), pH 6.8, 1 mM

MgCl2, 1 mM EGTA, and 10% glycerol; Cytoskeleton, Denver,
CO], was polymerized in PMGT, which consists of general
tubulin buffer, protease inhibitors (Complete, Roche Molec-
ular Biochemicals), 1 mM GTP, and 100 �M taxol (Sigma) at 35
C for 20 min. Polymerized microtubules were then visualized
by CLSM.

For microtubule association, 100 �l of combinations of
UMR106.01 cell extract, recombinant PTHrP 1–108 (150 �M),
GST-tagged mouse importin � (200 �M), and/or GST-tagged
mouse importin � (200 �M) were mixed with the polymerized
microtubules and incubated at room temperature for 30 min.
The samples were carefully layered onto 400 �l of glycerol
cushion buffer [80 mM piperazine-N,N�-bis(2-ethanesulfonic
acid), pH 6.8, 1 mM EGTA, 1 mM MgCl2, 60% vol/vol glycerol,
0.005% chlorohexadine, and 5 nM taxol] and centrifuged at
100,000 � g (Beckman TL100 Ultracentrifuge with a TLA-
100.3 rotor, Beckman Coulter, Inc., Palo Alto, CA) at 25 C for
45 min. The microtubule pellet was then resuspended in 100
�l of PMGT, and the microtubule population was monitored
using CLSM. The association of PTHrP or importin � with
microtubules was assessed by running 20 �l of the microtu-
bule preparations on SDS-PAGE gels followed by transfer to
a nitrocellulose membrane and detection with an anti-PTHrP
rabbit polyclonal antibody (1903) used at 1:5,000 dilution or
an antiimportin �1 goat polyclonal antibody (Santa Cruz Bio-
technology, Inc., Santa Cruz, CA) used at 1:1,000 dilution
followed by a 1-h incubation in a 1:1,000 dilution of a donkey
antirabbit or rabbit antigoat horseradish peroxidase-conju-
gated Ig (Amersham Pharmacia Biotech, Little Chalfont,
Buckinghamshire, UK). Blots were developed using ECL Plus
Western blotting detection system (Amersham Pharmacia
Biotech), and chemiluminescence was detected using a
cooled charge-coupled device camera (Fujifilm LAS1000, Fuji
Photo Film Co., Ltd., Tokyo, Japan).
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